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ABSTRACT: A new family of protic ammonium ionic liquids
(ILs) with various inorganic anions was synthesized from bioderived 5-HMF. Starting with cellulose biomass, a complete
preservation of the C6 unit was achieved throughout the synthetic
sequence (no carbon loss). Evaluation of green metrics showed a
signiﬁcant advantage of the developed bio-derived pathway to
access ILs from a natural renewable source, depending on feasible
routes to 5-HMF manufacturing. The reduced number of synthetic
steps and availability of the starting materials were the key
advantages. Experimental physicochemical and biological studies,
as well as computational modeling revealed a unique multifunctional intrinsic organization of these bio-derived ILs. The nature of
interactions between the cations and anions of the novel ILs was
mapped at the molecular level. The substituents in the cationic
core and the nature of the original building blocks had a prominent impact on cytotoxicity of the novel ILs. The obtained results
suggest possible sustainable applications of the least toxic ILs, while the regulation of biological activity of the ILs via the
corresponding structural adjustments can ﬁnd biological and medicinal applications. The 5-HMF-derived IL with a sulfate anion
demonstrated potentially useful properties in dissolution of microcrystalline cellulose.
KEYWORDS: bio-based ionic liquids, sustainable ionic liquids, 5-HMF, cytotoxicity, antimicrobial activity, cellulose,
cation−anion interaction

■

INTRODUCTION
The development of green and sustainable processes for
replacing fossil-fuel-based materials for important classes of
chemicals with sustainable and renewable biomass products is
one of the rapidly advancing directions of modern
chemistry.1−3 Conversion of biomass into ﬁne chemicals,
fuels, and commodity materials has been recognized as means
to maintain the carbon-neutral balance, to reduce the
emissions of CO2 and to foster a better environment and
society for new generations.4−9
Following the important trend of replacing artiﬁcial
synthetic compounds with environmentally friendly counterparts, which are present in nature in large quantities and are
relatively cheap,10 various bio-inspired ionic liquids (ILs)
obtained from natural compounds, such as choline, betaine or
amino acids, carnitine, carbohydrates, and various organic
acids,11−15 have been synthesized and utilized in industrial
processes, including organic synthesis, catalysis, extraction, and
separation.16−19 The demand for synthetic schemes for such
bio-derived ILs is related to high costs of production of
© XXXX American Chemical Society

common ILs, which are obtained from non-renewable sources.
The production of ILs from cheap raw materials of plant origin
is among the most crucial aims for a number of practical
implementations.12,20,21
Dissolution of cellulose in [C4mim][Cl] gave rise to
important applications of ILs for cellulose pretreatment and
the ﬁeld has been investigated intensively.22−27 Dissolution is a
necessary pretreatment step to turn cellulose polymers to
monomers and then to value-added chemicals.28,29 A variety of
cellulose-based materials, such as ﬁbers, ﬁlms, gels and
composites, has been produced with the aid of ILs.30 ILs
with imidazolium, pyridinium, ammonium, and phosphonium
cations have been shown to be most suitable for this purpose.
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Figure 1. Synthesis of novel ILs from cellulose biomass with the C6 unit preserved at each step.

The preferable anions are [Cl]−, [OAc]−, [HCOO]−, and
[(EtO)2PO2]−, while non-coordinating anions, such as [BF4]−,
[PF6]−, [N(CN)2]−, and [Tf2N]−, are ineﬃcient.28 The good
dissolving abilities of ILs are directly related to the high
hydrogen bond basicity and low viscosity.30 Recently, Singh
and co-workers discovered that ILs and deep eutectic solvents
(DES) obtained from lignin- and hemicellulose-derived
monomers had a signiﬁcant potential for biomass pretreatment
and ensured eﬃcient hydrolysis of cellulose.6,31 These excellent
studies show that ILs with demanded properties can be
obtained in a large scale from a relatively cheap source of
chemicals.
At the same time, a special interest also has been paid to the
so-called third generation of ILs, which are proposed to be
used as biologically active compounds or as media for handling
bio-materials.32−35 These ILs have been receiving much
attention due to their potential application in pharmaceutics
and medicine as solvents for poorly soluble drugs, drug
reservoirs, drug carriers, antimicrobial agents, antibioﬁlm
agents, and ionogels.36,37 The structural peculiarities make
ILs an advantageous platform for designing agents with tunable
biological activities.38−40 Up to date, a wide range of
biocompatible ILs has been designed for improving the
pharmacokinetic and pharmacodynamic properties of various
drugs, as well as their target activity.41−44
In view of the aforesaid, 5-hydroxymethylfurfural (5-HMF)
and its derivatives (2,5-diformylfuran, dimethyl furfural, γvalerolactone, levulinic acid, etc.), which can be obtained by
transformation of biomass-derived sugars in IL media, are
among the particularly promising building blocks.45−50 These
biomass-derived products are proposed to be used in ﬁne
chemical synthesis of polymers, fuels, smart organic materials,
and pharmaceuticals.51−53 5-HMF is abundant in sugarcontaining processed foods and drinks, such as honey, coﬀee,
juice, beverages, dried fruits, and bakery products.29,54−60
Recent studies have revealed numerous beneﬁcial biological
activities of 5-HMF;61−63 it has entered clinical studies as an
anti-sickling agent.64−66 In particular, various aminoalkylhydroxymethylfuran derivatives produced from furfural-based
molecules are key structural units in many biologically active
natural and artiﬁcial products involved in various pharmaceutical activities (as diuretics, anticancer, antihypertensive, or
antimuscarinic agents).67−69
The biological activities of ILs, as well as their eﬃciency in
green chemistry applications and catalysis directly depend on
the properties of IL solutions in water and organic
solvents.70−73 Unique dynamic microheterogeneity is a speciﬁc
quality of ILs as ionic compounds; it is realized as the presence
of a wide variety of relatively stable associates existing in the
liquid phase at a wide range of temperatures.74−76 The

supramolecular organization is characteristic of both pure
ILs77−79 and their solutions;80−82 at that, the supramolecular
structures formed in the solutions are not structural analogues
of the aggregates observed in pure ILs.83 Thus, varying the
nature of the solvent is an eﬃcient tool for optimizing the
properties of IL systems for their future use.84−87
In this work, for the ﬁrst time, new ILs from a biologically
derived platform chemical (5-HMF) were obtained via a
carbon-neutral pathway (Figure 1) and their physicochemical
characteristics were studied. The possibility to tune the
biological activity (cytotoxicity) of the novel ILs by modifying
the structures of the cations and changing the anions was
demonstrated. Bactericidal activity of the ILs against Gramnegative and Gram-positive bacteria was also tested. A
molecular modeling study provided comprehensive information on intermolecular interactions occurring upon dissolution
of the novel ILs in water and organic solvents. For one of the
ILs, the ability to dissolve cellulose was demonstrated by the
electron microscopy study.

■

EXPERIMENTAL SECTION

Chemicals. Reagents were obtained from commercial sources and
were used as supplied [purity was veriﬁed by nuclear magnetic
resonance (NMR) prior to use]. Amines (triethylamine, diethylamine,
benzylamine, aniline, n-butylamine, cyclohexylamine, and octadecylamine) were purchased from Sigma-Aldrich with the purity >99%.
Thionyl chloride was purchased from Acros Organics with the purity
99.5%. Sodium borohydride was purchased from ABCR (Germany)
with the purity 98%. Sulfuric and phosphoric acids were purchased
from Sigma Tek (Russia) and Reatex (Russia) with the purity >99%.
Solvents were puriﬁed according to the published procedures.
Column chromatography was performed using the Merck 60 μm
silica gel.
Procedures. NMR spectra were recorded by using Bruker DRX
500, Bruker Avance III 400, or Bruker Fourier 300 spectrometers
operating at 500.1, 400.1, and 300.1 MHz for 1H, 125, 100, and 75
MHz for 13C{H}, and 202.5, 162, and 121.5 MHz for 31P,
respectively. 1H, 13C{H} NMR chemical shifts are reported relative
to a residual solvent peak of CDCl3 (1H: δ = 7.26 ppm, 13C{H}: δ =
77.16 ppm) or dimethyl sulfoxide (DMSO)-d6 (1H: δ = 2.50 ppm,
13
C{H}: δ = 39.52 ppm). The peak multiplicity is designated as
follows: singlet (s), doublet (d), triplet (t), multiplet (m), and doublet
of doublets (dd). The spectra were processed using the Bruker
Topspin 2.1 software package (Bruker).
High-resolution mass spectra were obtained on a Bruker maXis QTOF instrument equipped with an electrospray ionization (ESI) ion
source. The experiments were performed in a positive (+) (HV
Capillary: −4500 V) or negative (−) (HV Capillary: +4000 V; HV
End Plate Oﬀset: −500 V) MS ion mode, with a scan range of m/z
100−1200. External calibration of the mass spectrometer was
performed using a low-concentration tuning mix solution (Agilent
Technologies). Direct syringe injection was applied for the analysis of
solutions in MeCN (ﬂow rate: 3 μL min−1). Nitrogen was applied as
B
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the nebulizer gas (1 bar) and dry gas (4.0 L·min−1, 200 °C). The
spectra were processed using the Bruker Data Analysis 4.0 software.
Melting points of the synthesized solid substances were measured
using a Cole-Parmer LTd-UK melting point apparatus.
X-ray diﬀraction data were collected at 100K on a Bruker Quest D8
diﬀractometer equipped with a Photon-III area-detector (graphite
monochromator, shutterless φ- and ω-scan technique), using Mo Kαradiation (0.71073 Å). The intensity data were integrated by the
SAINT program88 and were corrected for absorption and decay using
SADABS.89 The structure was solved by direct methods using
SHELXT90 and reﬁned on F2 using SHELXL-2018.90
Crystallographic data for 1-Cl/HCl were deposited into the
Cambridge Crystallographic Data Center. CCDC 2039833 contains
the supplementary crystallographic data for this study.
Scanning electron microscopy (SEM) measurements were
performed on a Hitachi SU8000 ﬁeld-emission scanning electron
microscope. Electron microscopy data were acquired in the secondary
electron mode at a 1 kV accelerating voltage.
Synthesis of Amines (1−5). 5-HMF-derived amines were
synthesized by two-step reductive amination, according to the
published procedure.91 To a solution of 5-HMF (1 mmol, 126 mg)
in 2 mL of MeOH the corresponding amine (1.2 mmol) was added,
and the mixture was stirred for 30 min at room temperature (r.t.).
Then, sodium borohydride (1.2 mmol, 45.6 mg) was added by small
portions at 0 °C. After that, the reaction mixture was stirred for 4 h at
r.t. Finally, the organic solvent was evaporated, and the concentrated
reaction mixture was dissolved in 4 mL of a saturated aqueous
solution of sodium chloride and was extracted with DCM (4 × 5 mL).
The organic layer was dried over anhydrous sodium sulfate and was
evaporated under reduced pressure. The product was puriﬁed by silica
gel column chromatography using an appropriate eluent (see the
Supporting Information).
Synthesis of (5-((n-octadecylamino)methyl)furan-2-yl)methanol (6). Octadecyl amine (1.2 mmol, 324 mg) was added to
a solution of 5-HMF (1 mmol, 126 mg) in 10 mL of MeOH and was
stirred under reﬂux for 30 min. Then, the reaction mixture was cooled
to r.t. and sodium borohydride (1.2 mmol, 45.6 mg) was added by
small portions upon stirring and was left overnight at r.t. Next, the
reaction mixture was evaporated, dissolved in 4 mL of a saturated
aqueous solution of sodium chloride, and extracted with DCM (4 ×
10 mL). The solution was dried over anhydrous sodium sulfate and
was evaporated under reduced pressure. The product was isolated by
recrystallization from DCM.
Synthesis of ILs. 0.1 M solution of hydrochloric/phosphoric/
sulfuric acid in diethyl ether was slowly added dropwise to a solution
of the corresponding amine (1−6) (1 mmol) in 10 mL (100 mL for
6) of diethyl ether upon vigorous stirring at 0 °C, until the
precipitation stopped. The precipitate was ﬁltered or decanted,
washed with diethyl ether (4 × 5 mL), and dried. The solvent was
evaporated under reduced pressure to aﬀord pure IL. Traces of water
were removed by drying in a vacuum desiccator over P2O5.
It should be noted that the used synthetic protocols can be scaled
up to gram quantities. Thus, amines 1 (7.2 g) and 2 (6.9 g), as well as
ILs 1-H2SO4 (1.6 g) and 2-H2SO4 (1.7 g), were obtained with 78 and
60% yields, or 98 and 90% yields, respectively.
Synthesis of Chlorides of 5-Chloromethylfurfural Derivatives. Thionyl chloride (1.5 mmol, 0.109 mL) was added to a
solution of the corresponding amine (1 or 2) (1 mmol) in 20 mL of
methylene chloride at 0 °C and was stirred for 2 h at r.t. Then,
petroleum ether (40 mL) was added to the reaction mixture. The
precipitate was ﬁltered, washed with diethyl ether (4 × 5 mL), and
dried on a ﬁlter. Traces of water were removed by drying in a vacuum
desiccator over P2O5.
SEM Investigation of Microcrystalline Cellulose Dissolution.
The 1-H2SO4 IL was used for electron microscopy measurements
after the synthesis without speciﬁc pretreatment. Samples of 1-HCl/
water, 1-H2SO4/water, and 2-H2SO4/water systems were prepared by
stirring the corresponding compound with 10 wt.% of Milli-Q water
until the formation of a homogeneous solution. For SEM observations
of cellulose dissolution, the small droplet (about 2−3 μL) of 1-
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H2SO4, 1-HCl/water, 1-H2SO4/water, or 2-H2SO4/water was placed
on the surface of a Kleindiek MHS heating stage connected to a
Kleindiek PS4 manipulator. In the case of pure 1-HCl, 2-H3PO4, or 2H2SO4, about 1−2 mg of the corresponding compound was preheated/pre-melted on the surface of a heating stage outside the
electron microscope chamber at 100 °C (for 1-HCl) or 70 °C (for 2H3PO4 and 2-H2SO4). The resulting droplet of IL or the IL/water
system supported on the heating stage was covered with a copper
transmission electron microscopy grid (100 or 200 mesh) presprinkled with a ﬁne microcrystalline cellulose powder (∼50 μm,
Acros Organics). The assembled stage was transferred to a Hitachi
SU8000 ﬁeld-emission scanning electron microscope specimen
chamber. The observations were carried out upon continuous heating
(the heating rate was about 1 °C·s−1) in two temperature ranges: 30−
100 °C (for 1-H2SO4 and 1-H2SO4/water) and 100−200 °C (for all
the samples including 1-H2SO4 and 1-H2SO4/water).
Assessment of Cellulose Solubility in ILs. Prior to the
experiment, the 1-H2SO4 IL was dried under reduced pressure at
45 °C for 15 h, until no water was left. Hydrated IL solutions were
prepared by stirring 1-H2SO4 (0.133 g, 0.29 mmol) and water (10 wt
%, or 0.013 g) for 10 min in a standard 1.5 mL glass ﬂask. Cellulose
dissolution in the dry and water-containing IL was performed by
stirring (150 rpm) microcrystalline cellulose (∼50 μm, Acros
Organics) at 110 °C for various time periods. The dissolution
process was examined both visually and by means of optical
microscopy (a Micromed 1 optical microscope) every 1 h.
MTS Assay. 3215 LS cells (human ﬁbroblasts; courtesy of E.
Kopantsev, M. M. Shemyakin, and Yu. A. Ovchinnikov Institute of
Bioorganic Chemistry RAS) were cultured in clear plastic TC-treated
dishes or multiple-well plates (Cornig Inc., USA) in a BBD 6220 CO2
incubator (Thermo Fisher Scientiﬁc, USA) at 37 °C, 95% humidity,
and 5% CO2. The DMEM/F-12 (1:1) medium with 2.5 mM Lglutamine and 1.5 mM HEPES (HyClone, USA) was supplemented
with 10% fetal bovine serum (PAA, Canada), 100 un.·mL−1 penicillin
(OAO Sintez, Russia), and 100 μg·mL−1 streptomycin (OAO
Biokhimik, Russia).
The MTS assay was used for evaluating cytotoxicity of test
substances, as previously described.15,92 Before the test, cells were
passaged into 96-well ﬂat-bottomed plates, 10,000 cells per well. The
utmost wells were ﬁlled with 200 μL phosphate-buﬀered saline
(HyClone, USA). Prior to the experiment, cells were cultivated until
reaching 70% monolayer (40−42 h) and then were incubated for 24 h
with the test substances at the appropriate concentration ranges (ca.
10 μM−300 mM). The same substance concentrations were applied
to empty wells to allow an adjustment for the substance inﬂuence on
the optical density. All test points were measured in 3−6 replicas. 1%
Triton X-100 (Sigma-Aldrich) and the cell medium were used as
positive and negative controls, respectively. After the incubation, the
MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, CellTiter 96 AQueous
One Solution Cell Proliferation Assay, Promega, USA) was added
into the wells, and the cells were incubated for additional 4 h. The
optical density was measured at 492 and 650 nm by using a Multiskan
GO type 1510 (Thermo Fisher Scientiﬁc, USA), and the diﬀerence
between these values was used in subsequent calculations to exclude
the background absorption. Statistical processing of the obtained data
and all calculations were carried out in Microsoft Excel 2010
(Microsoft) and Prism 5 (GraphPad); IC50 (half maximal inhibitory
concentration) was calculated for the test substances.
Antibacterial Activity. The susceptibility testing was performed
in duplicate using broth microdilution techniques according to the
CLSI methods,93 with the microbial burden of 4−6 × 105 CFU per
mL. Gram-positive (Staphylococcus aureus ATCC 43300 and Enterococcus faecium 3576) and Gram-negative (Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, and Klebsiella pneumoniae 700603) strains were used. Ciproﬂoxacin was used as a positive
control. The bacterial strains were grown on dishes with solid media
(Mueller−Hinton agar, Becton Dickinson) for 18 h at 37 °C. Then,
the colonies were used for preparing suspensions in the Mueller−
Hinton broth (Becton Dickinson) (4−6 × 105 CFU per mL), and the
C
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Figure 2. Structures of novel ionic compounds synthesized in this work.

Scheme 1. Synthesis of 5-HMF-Derived ILs

resulting suspensions were applied to 96-well microplates ﬁlled with
dilutions of the test substances in Hanks’ solution (100 μL of
suspension per 100 μL of test solution). The microplates were
incubated for 20−22 h at 37 °C, and minimum inhibitory
concentrations (MICs) of the test substances were determined
visually by the absence of bacterial growth in the wells.
Computational Details. Systems for modeling the aqueous and
DMSO solutions of the 1-H2SO4 IL consisted of two ionic pairs of IL
and 106 water molecules, and of two ionic pairs of IL and 18 solvent
molecules, respectively.
Molecular dynamics (MD) simulation was performed for each of
the solutions by GFN2-XTB94−97 (xtb 6.3.398 software package)
using an external spherical potential to prevent the “evaporation” of
molecules at 400 K (NVT ensemble, Berendsen thermostat).
Trajectory analysis was performed using the VMD software package.99
Intermolecular ion complexes for calculating the energies of
hydrogen bonds were optimized by the PBE0 method,100,101 using
the 6-31+G(d)102−104 basis set and empirical D3105 corrections for a
more correct description of the dispersion interactions. During the
optimization process, the PCM COSMO continuum model with the
dielectric constant of DMSO (ε = 46.8) was applied. Density
functional theory (DFT) calculations were performed in the
TeraChem software package.106−109
A topology analysis of the total electron density (ED) was carried
out using the AIMAll software package.110 Conversion of ﬁles from

the molden format into the fch format was performed using the
Multiwfn111 program.

■

RESULTS AND DISCUSSION
Synthesis of Bio-Derived ILs. 5-HMF was obtained in
one step directly from cellulose according to the previously
described procedure.112 In the next step, ionic compounds
with alkyl-, cycloalkyl-, benzyl-, and phenyl-functionalized
cations and diﬀerent anions (chloride, dihydrogen phosphate,
or sulfate) (Figure 2) were synthesized directly from 5-HMF,
according to Scheme 1. First, 5-HMF-derived amines were
obtained by two-step reductive amination. Then, the ILs were
synthesized via the reaction between the corresponding amines
and hydrochloric, phosphoric, or sulfuric acid in diethyl ether.
The CMF 113 (5-chloromethylfurfural) derivatives were
synthesized by the reaction with thionyl chloride in methylene
chloride.
The synthesis of ammonium protic ILs from 5-HMF in
methanol could not be carried out according to the described
procedure6 as the formation of byproducts was observed after
the preparation of the ILs with chloride and sulfate anions.
Side reactions took place, possibly, due to the presence of both
the IL and an excess of one of the reagents in the solution, as
D
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well as due to high temperatures during the solvent
evaporation. These issues were solved by the proper choice
of the solvent.
Protic ILs are generally formed via proton transfer between
an acid and a base. The reaction between a Brønsted acid and a
Lewis base can be carried out in a polar protic or aprotic
solvent, such as methylene chloride or methanol. Basically,
both the reagents and the synthesized ionic compounds
dissolve well in these solvents which results in diﬃculties
associated with the product puriﬁcation. Among the beneﬁts of
the method applied in this work are high yields of ILs.
If non-polar solvents, such as diethyl ether or tetrahydrofuran, are used for the neutralization reaction, the resulting ILs
can be separated from the reaction mixture by precipitation.
The continuous removal of the product from the reaction
mixture allows preventing side reactions; moreover, it also
makes the reaction more tolerant to an excess or deﬁciency of
the reagents, as well as to their impurities. The synthesized ILs
usually contain no traces of the starting compounds and
solvents, and there is no need for further puriﬁcation.
Synthesis of ILs in polar aprotic solvents, such as methylene
or ethylene chloride, allows isolating the reaction products by
precipitation upon addition of non-polar solvents (pentane,
hexane, cyclohexane, or petroleum ether). As mentioned in the
previous method, the precipitation process allows avoiding the
contamination by the reagents or side products. However, if
the product is not being removed constantly into a separate
phase during the reaction, the side reactions can occur. This
method is preferable when successive reactions are required,
for example, neutralization and then functionalization of the
resulting ILs. The product yields, as in the case of using ethers
as solvents, do not reach quantitative levels. Nevertheless, the
procedure allows signiﬁcantly simplifying the synthetic
schemes for some ILs.
Structural Properties of 5-HMF-Derived ILs. 1H,
13
C{H} NMR and ESI-MS spectra were recorded for the
synthesized amines and ILs, as described in the Experimental
Section, to conﬁrm their structures (see Figures S13−S37 in
Supporting Information). For the obtained ILs, a general trend
of shifting of the characteristic 1H NMR signals to the weak
ﬁeld, as compared to those of the corresponding amines, was
observed. Signals of methylene protons between the furan ring
and nitrogen (Fur−CH2−N) were shifted for 0.48−0.55 ppm.
A similar trend was observed for α-methylene and methine
protons at the other group near the nitrogen. The signals of the
protons in the furan ring also moved for 0.3−0.4 and 0.15−
0.22 ppm for the two positions, respectively. The chemical
shifts of signals of methylene protons near the hydroxyl groups
were less sensitive to protonation of the amines.
Replacing the OH group with Cl in the case of the CMF
derivatives shifted the signals of the neighboring methylene
protons for ca. 0.5 ppm downﬁeld. The methylene protons in
Fur−CH2−N− shifted for ca. 0.6 ppm. The signals of the
protons in the furan ring moved downﬁeld for 0.44−0.48 ppm,
which was higher than for the other ILs.
In addition, the molecular structure of 1-Cl/HCl was
established by single-crystal X-ray diﬀraction analysis (Figure
3). The crystal structure contained two crystallographically
equivalent fragments, each of which consisted of the N-((5(chloromethyl)furan-2-yl)methyl)-N-ethylethanaminium cation and the chloride anion (Figure S38 in Supporting
Information). Both fragments were related by a non-crystallographic inversion center; one of the two crystallographically
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Figure 3. Molecular structure of 1-Cl/HCl determined by X-ray
analysis [C1−Cl1 1.810(3) Å, O1−C5 1.377(3) Å, O1−C2 1.377(3)
Å, C2−C3 1.351(4) Å, C3−C4 1.432(4) Å, C1−C2 1.474(4) Å, N1−
C6 1.504 Å, N1−C9 1.510 Å, N1−C7 1.511 Å, C5−O1−C2
106.9(2)°, C6−N1−C9 110.6(2)°, C6−N1−C7 110.5(2)°, C9−N1−
C7 111.4(2)°, C2−C1−Cl1 110.2(2)°, O1−C5−C6 115.8(2)°]. The
probability level for thermal ellipsoids is set to 50%.

inequivalent fragments is shown in Figure 3. The amino Hatom of the cation formed a hydrogen bond with the chloride
anion (N(1)−H(1) 0.93(4), H···Cl 2.17(5) Å, ∠177(4)° and
N(2)−H(2) 0.84(4), H···Cl 2.26(4) Å, ∠176(4)°). The
results conﬁrmed 1-Cl/HCl to be a true ionic compound
with a high protonation degree, not an acid/amine mixture.
Physicochemical Properties of 5-HMF-Derived ILs.
Melting temperatures and water solubility of the synthesized
ILs are provided in Table 1. All the synthesized ionic
compounds were stable when stored for more than 6 months,
except for the IL with the phenyl-substituted amino group (5HCl). This compound was unstable and decomposed gradually
at r.t., whereas in the aqueous environment, it underwent fast
decomposition. Therefore, its physicochemical and biological
properties were not tested.
Three of the obtained products (1-H2SO4, 2-H2SO4, and 5HCl) were viscous oils at r.t. Three of the products (1-HCl, 3HCl, and 2-H3PO4) were solid and had melting points at 38−
88 °C, thus complying with the melting temperature-based
deﬁnition of ILs, according to which, ILs are organic salts with
melting temperatures below 100 °C. The other ionic
compounds had melting temperatures in the range of 108−
170 °C.
Among the physicochemical properties of a chemical
substance, its solubility in water is one of the crucial
characteristics determining its bioavailability and the corresponding bioactivity. Most of the obtained ILs readily
dissolved in water at 25 °C (see Table 1), except for 6-HCl,
which was practically insoluble due to high hydrophobicity of
the cation bearing a long (C18H37) alkyl sidechain. The ﬁnal
purity of the obtained ILs was higher than 95%; the water
content did not exceed 4 wt %.
Cytotoxicity of 5-HMF-Derived ILs. Cytotoxicity of the
novel ILs was studied in human ﬁbroblasts (line 3215 LS). 24
h IC50 are provided in Table 2. The 5-HCl IL was not tested
due to its instability, whereas amine 6 and the 6-HCl IL were
not tested due to their negligible water solubility. The obtained
IC50 were used for comparing the ILs with the original amines
and each other, as well as with 5-HMF, Et3NH·Cl, and
common commercial ILs, from the viewpoint of their
biological activity (Figure 4).
E

https://dx.doi.org/10.1021/acssuschemeng.0c08790
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Table 1. Physicochemical Properties of 5-HMF-derived ILs
1
2
3
4
5
6
7
8
9
10
11
12

yield, %

Mw (g·mol−1)

Tm (°C)

solubility in water, mg·mL−1

71
71
96
90
70
70
86
87
62
72
75
80

219.71
281.25
464.58
238.15
253.73
315.27
532.62
272.17
219.71
245.75
239.70
416.09

79−80
120−122
viscous oil
125−126a
137−138
38−41b
viscous oil
166−168c
86−88
108−109
viscous oil
117−118

>200
>280
>450
>240
>240
>300
>500
>250
>200
>250

1-HCl
1-H3PO4
1-H2SO4
1-Cl/HCl
2-HCl
2-H3PO4
2-H2SO4
2-Cl/HCl
3-HCl
4-HCl
5-HCl
6-HCl

Decomposed at 139−141 °C. bGlass-transition temperature. cThe melting point is coincident with the decomposition temperature.

a

Table 2. Cytotoxicity of Tested Compounds Toward 3215 LS Cell Line

substance
1-HCl
1-H3PO4
1-H2SO4
1-Cl/HCl
2-HCl
2-H3PO4
2-H2SO4
2-Cl/HCl
3-HCl
4-HCl
1
2
3
4
5
Et3N·HCl
5-HMF

R1
−C2H5
−C2H5
−C2H5
−C2H5
−CH2C6H5
−CH2C6H5
−CH2C6H5
−CH2C6H5
−nC4H9
−Cy
−C2H5
−CH2C6H5
−nC4H9
−Cy
−C6H5
−C2H5

R2

anion

−C2H5
−C2H5
−C2H5
−C2H5
H
H
H
H
H
H
−C2H5
H
H
H
H
−C2H5

−

Cl
H2PO4−
SO42−
Cl−
Cl−
H2PO4−
SO42−
Cl−
Cl−
Cl−

Cl−

24 h IC50, mMa
12.04 (8.46−15.62)
11.48 (8.82−14.15)
8.59 (4.28−12.90)
5.35 (3.69−7.01)
8.80 (5.62−11.98)
6.10 (2.32−9.87)
1.56 (0.58−2.54)
1.06 (0.60−1.52)
22.40 (3.14−41.67)
9.97 (4.26−15.69)
8.88 (7.24−10.53)
9.11 (5.28−12.94)
8.18 (4.39−11.97)
7.93 (6.20−9.67)
4.02 (2.20−5.83)
22.52 (8.46−36.59)
42.42 (24.83−60.01)

a

95% conﬁdence intervals are shown in parentheses.

When compared to standard imidazolium ILs
([C2mim][Cl], 24 h IC50 46.15 (45.7−46.59) mM; [C4mim][Cl], 24 h IC50 30.08 (19.47−40.70) mM; [C6mim][Cl], 24 h
IC50 7.54 (2.55−12.54) mM; [C4mim][BF4], 24 h IC50 4.88
(4.27−5.50) mM),39 all the novel ILs were signiﬁcantly more
cytotoxic than [C2mim][Cl]; 1-HCl, 1-H3PO4, 1-H2SO4, 1Cl/HCl, 2-HCl, 2-H3PO4, 2-H2SO4, 2-Cl/HCl, and 4-HCl
were signiﬁcantly more cytotoxic than [C4mim][Cl]; 2-Cl/
HCl was signiﬁcantly more cytotoxic than [C6mim][Cl]; 1HCl, 1-H3PO4, and 2-HCl were signiﬁcantly less cytotoxic
than [C4mim][BF4], whereas 2-H2SO4 and 2-Cl/HCl were
more cytotoxic than [C4mim][BF4].
These data suggested the following relations between the
structure of the novel 5-HMF-derived ILs and their
cytotoxicity, as demonstrated in human ﬁbroblasts:

The 1-HCl, 1-H3PO4, and 1-H2SO4 ILs did not diﬀer
signiﬁcantly from amine 1, whereas 1-Cl/HCl was signiﬁcantly
more cytotoxic than 1. 2-HCl and 2-H3PO4 did not diﬀer
signiﬁcantly from amine 2, whereas 2-H2SO4 and 2-Cl/HCl
were signiﬁcantly more cytotoxic than 2. 3-HCl and 4-HCl did
not diﬀer signiﬁcantly from amines 3 and 4, respectively. 1HCl and 1-Cl/HCl, 2-HCl and 2-Cl/HCl, 1-Cl/HCl and 2Cl/HCl, and 1-H2SO4 and 2-H2SO4 diﬀered signiﬁcantly from
each other, whereas 1-HCl, 2-HCl, 3-HCl, and 4-HCl
demonstrated no signiﬁcant diﬀerences, and 1-H3PO4 did
not diﬀer signiﬁcantly from 2-H3PO4. 1-HCl, 1-H3PO4, 1H2SO4, 1-Cl/HCl, 2-HCl, 2-H3PO4, 2-H2SO4, 2-Cl/HCl, and
4-HCl were signiﬁcantly more cytotoxic than 5-HMF. 1-Cl/
HCl, 2-H2SO4, and 2-Cl/HCl were signiﬁcantly more
cytotoxic than Et3N·HCl. As for the original amines, 1, 2, 3,
and 4 do not diﬀer signiﬁcantly from each other, whereas
amines 1 and 4 were signiﬁcantly less cytotoxic than amine 5.

1 Replacement of the hydroxyl group in the furan core
with a chlorine atom and introduction of a benzyl group
into the ammonium scaﬀold of CMF-based salt
F
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2 The anion nature in general had no signiﬁcant impact on
the IL cytotoxicity (compare 1-HCl, 1-H3PO4 and 1H2SO4, 2-HCl and 2-H3PO4, 2-H3PO4 and 2-H2SO4 in
Table 2).
3 The substituents in the ammonium scaﬀold also had no
signiﬁcant impact on the cytotoxicity (compare 1-HCl,
2-HCl, 3-HCl, and 4-HCl in Table 2).
4 Transformation of the amines into the ILs in general did
not aﬀect the cytotoxicity of the former. This result
implies the crucial role of the original structural building
blocks in the development of cytotoxicity response. At
that, all the novel ILs, except for 3-HCl, were
signiﬁcantly more cytotoxic than 5-HMF, but only 1Cl/HCl, 2-H2SO4, and 2-Cl/HCl were more cytotoxic
than Et3NH·Cl which, in its turn, implied the decisive
eﬀect of the amine scaﬀold on the cytotoxicity.
Antimicrobial Activity of 5-HMF-Derived ILs. For the
ILs of groups 1 and 2 and the corresponding amines,
antimicrobial activity against two Gram-positive (S. aureus
ATCC 43300 and E. faecium 3576) and three Gram-negative (
E. coli ATCC 25922, P. aeruginosa ATCC 27853, and K.
pneumoniae 700603) strains was tested (Table 3). The
available data on antimicrobial activity of common 1-alkyl-3methylimidazolium and ammonium ILs are also provided for
comparison. Of the IL studied, only 1-Cl/HCl demonstrated a
weak activity against the Gram-positive strains, whereas amines
1 and 2 showed even weaker activities against E. faecium. As
expected, 5-HMF and Et3NH·Cl were not active in the

Figure 4. Diﬀerences between values of 24 h IC50 of new ILs, original
amines, Et3NH·Cl, and 5-HMF. Green circles show the signiﬁcant
diﬀerence for a given pare of compounds (p < 0.05).

signiﬁcantly increased the IL cytotoxicity (compare 1HCl and 1-Cl/HCl, 2-HCl, and 2-Cl/HCl in Table 2).
Table 3. Antimicrobial Activity of Tested Compounds
S. aureus
substance
1-HCl
1-H3PO4
1-H2SO4
1-Cl/HCl
2-HCl
2-H2SO4
2-Cl/HCl
amine 1
amine 2
5-HMF
Et3NH Cl
[C2mim][Cl]
[C4mim][Cl]
[C6mim][Cl]
[C8mim][Cl]
[C10mim][Cl]
[C12mim][Cl]
[C14mim][Cl]
[C10mim][Br]
[C12mim][Br]
[C14mim][Br]
[C16mim][Br]
[C4mim][BF4]
[Chol][OAc]
[N1,1,1,16][Br]
ciproﬂoxacin

MIC,
mg·L−1a
>520
>520
>530
250
>500
>550
>510
>520
>500
>510
>500
38385b
36244b
1560c
>167b
10d
5d
5d
32e
32e
16e
6b
>326f
0.1g
0.5

MIC, mM
>2.4
>1.8
>1.1
1.0
>1.9
>1.0
>1.9
>2.8
>2.3
>4.0
>3.6
261.8b
207.5b
7.7c
>0.722b
0.04d
0.018d
0.016d
0.106e
0.097e
0.045e
0.015b
>2.0f
0.0003g
0.002

E. faecium
MIC,
mg·L−1
>520
>520
>530
125
>500
>550
>510
260
250
>510
>500

>50

P. aeruginosa
MIC,
mM

MIC,
mg·L−1

MIC, mM

>2.4
>1.8
>1.1
0.5
>1.9
>1.0
>1.9
1.4
1.1
>4.0
>3.6

>520
>520
>530
>500
>500
>550
>510
>520
>500
>510
>500

>2.4
>1.8
>1.1
>2.1
>1.9
>1.0
>1.9
>2.8
>2.3
>4.0
>3.6

>0.151

6250c
>333d
>333d
166d
83d

30.8c
>1.444d
>1.287d
0.58d
0.263d

128e

0.356e

>326f
46g
0.01

>2.0f
0.125g
0.00003

E. coli
MIC,
mg·L−1
>520
>520
>530
>500
>500
>550
>510
>520
>500
>510
>500
38385b
36244b
3120c
167d
83d
21d
10d
128e
128e
4b
3548.7b
>326f
0.02

K. pneumoniae

MIC, mM
>2.4
>1.8
>1.1
>2.1
>1.9
>1.0
>1.9
>2.8
>2.3
>4.0
>3.6
261.8b
207.5b
15.4c
0.722d
0.321d
0.073d
0.033d
0.386e
0.356e
0.01b
15.7b
>2.0f
0.00006

MIC,
mg·L−1

MIC,
mM

>520
>520
>530
>500
>500
>550
>510
>520
>500
>510
>500

>2.4
>1.8
>1.1
>2.1
>1.9
>1.0
>1.9
>2.8
>2.3
>4.0
>3.6

3120c

15.4c

243e
128e
6b
>326f
0.2

0.733e
0.356e
0.015b
>2.0f
0.0006

a

MIC, minimum inhibitory concentration; note that the exact strains, in which the earlier published MIC values of common ILs were measured,
can diﬀer from those used in the current work. bFrom ref 117. cFrom ref 118. dFrom ref 119. eFrom ref 120. fFrom ref 121. gFrom ref 122.
G
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Figure 5. Liquid-phase electron microscopy (SEM) images showing diﬀerent steps of microcrystalline cellulose dissolution in 1-H2SO4/water
media: initial mixture at 100 °C (a), incomplete dissolution at 145 °C (b), and complete dissolution at 165 °C (c).

a range of 100−200 °C. Temperatures below 100 °C had no
eﬀect on the studied IL/water/cellulose system.
At the initial step of the observations at 100 °C, the IL/
water phase of the test mixture appeared as a non-uniform
liquid with some heterogeneous traces characteristic for waterin-salt systems. An individual 60 μm long particle of
microcrystalline cellulose was ﬂoating on the surface of the
liquid without interacting with the media (Figure 5a). First
signs of dissolution were detected at ca. 110 °C, whereas
heating to 145 °C led to fast disappearance of the cellulose
particle (Figure 5b); practically complete dissolution was
achieved at 165 °C (Figure 5c). Interestingly, after the end of
the process, the micro-domain enriched with cellulose was
clearly seen in the solution. Thereby, the IL/water media based
on 1-H2SO4 could be used for cellulose dissolution upon the
formation of a micro-structured liquid system. Of note,
possible decomposition of the IL upon prolonged heating
should not be disregarded.
According to the quantitative assessment of the ability of 1H2SO4 to dissolve microcrystalline cellulose at 110 °C, the
cellulose solubility was ca. 0.3 wt % in dry 1-H2SO4 (after 3 h)
and ca. 0.5 wt % in the hydrated IL (after 1 h). In the latter
case, the solution viscosity was lower, and the cellulose
dissolution occurred faster. The stirring was continued, but it
did not lead to signiﬁcant changes of the dissolved cellulose. Of
course, the present results should be considered only as a
preliminary indication of possible cellulose treatment with this
IL. Dedicated optimizations were not performed, and a search
for the most suitable conditions (process conditions, cosolvents, structural adjustments, etc.) for more eﬃcient
cellulose dissolution will be the aim of a separate future study.
In addition to the 1-H2SO4 IL, which had relatively low
viscosity even at r.t. and behaved as a mobile liquid over a wide
temperature range, a number of substances with low melting
points (1-HCl, 2-H3PO4 and 2-H2SO4) were tested in the
cellulose dissolution process by using a liquid-phase SEM
technique. In order to reproduce the previous conditions and
achieve the desired non-viscous liquid state of the tested
samples, they were pre-heated up to 70−100 °C before
cellulose addition and further manipulations (see the
Experimental Section for details). SEM analysis was carried
out starting form 100 °C with continuous heating up to 200
°C. In all the cases, no signs of cellulose dissolution were
detected. At that, fast decomposition of the liquid samples was
observed. Mixing of the selected ionic compounds with 10 wt
% water allowed obtaining homogeneous liquid water-in-salt
systems in the case of 1-HCl and 2-H2SO4; however, in spite
of their higher stability under heating conditions, they were
ineﬃcient in the cellulose dissolution at 100−200 °C. Thus,
the study showed that 1-H2SO4, in terms of its physicochemical properties, was the best candidate for further development
of applications of bio-derived ILs in the cellulose treatment.

concentration range tested. Interestingly, 2-Cl/HCl, which
demonstrated the highest cytotoxicity, was not active against
the strains studied, possibly due to the presence of a bulky
benzyl substituent, which hindered its penetration through the
bacterial cell wall. These results are in agreement with the
structures of the cell wall of Gram-positive and Gram-negative
bacteria. The bactericidal activity of quaternary ammonium
compounds is thought to depend on their ability to disturb the
lipid membranes.114 Due to their low lipophilicity, the novel
ILs presumably cannot penetrate the lipopolysaccharide
envelope on the surface of Gram-negative bacteria but can
possibly form electrostatic contacts with the surface of Grampositive bacteria.115,116 The presence of chlorine in the 5chloromethylfurfural core seems to enhance the antimicrobial
eﬀect.
A comparison of the MIC values of the novel ILs with these
of 1-alkyl-3-methylimidazolium ILs showed that 1-Cl/HCl was
more active than 1-alkyl-3-methylimidazolium chlorides with
short side alkyl chains (n = 2, 4, and 6) but was signiﬁcantly
less active than 1-alkyl-3-methylimidazolium chlorides and
bromides with long alkyl side chains (n = 8, 10, 12, 14, and
16). The activity of 1-Cl/HCl was also higher than that of
cholinium acetate but considerably lower than that of
cetyltrimetylammonium bromide (the MIC of which in S.
aureus was comparable to that of ciproﬂoxacin).
Therefore, we can say that the amines and new ILs possess
no or very low antibacterial activity, which is comparable with
that of common ILs. However, the improvement of the activity
of 1-Cl/HCl, in comparison with amine 1, suggests that certain
structural adjustments allow increasing the antibacterial
potential of the bio-based ILs.
Cellulose Dissolution in 5-HMF-Derived ILs. Bio-based
ILs oﬀer a good alternative to conventional ILs and solvents
for biomass pretreatment. Whereas conventional ILs are
synthesized from petroleum-derived starting materials, bioILs are based on renewable and abundant feedstocks. The
ability to dissolve the material of origin of bio-based ILs opens
the way to a closed-loop bio-reﬁnery process that satisﬁes its
own requirements for solvent preparation in addition to the
production of bio-derived chemicals.123
To assess the cellulose dissolution potential of the novel ILs,
we carried out a liquid-phase SEM study. The RTIL 1-H2SO4
was chosen as a model media for the treatment of
microcrystalline cellulose. First, when a mixture of cellulose
with the IL was heated inside the microscope specimen
chamber up to 200 °C, no noticeable changes in the system
morphology were detected. In order to increase the dissolving
power and stability of the IL, we added 10 wt % water to the
system, thus creating a water-in-salt medium. The subsequent
SEM analysis demonstrated a good performance of this solvent
in the microcrystalline cellulose treatment (Figure 5). The
analysis was carried out by using a temperature scanning within
H
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Figure 6. Phenomena occurring inside 1-H2SO4 solutions, according to the results of MD modeling by the GFN2-XTB method. The blue-framed
box corresponds to the aqueous solution, and the green-framed box corresponds to the DMSO solution. (a−d) and (i−l), Conventional
pictographic illustrations of the occurring phenomena; (e−h) and (m−p), fragments of the modeled molecular systems corresponding to individual
points at the MD trajectory, where each phenomenon is demonstrated clearly. Each phenomenon is represented in the form of a chemical reaction:
(e) capture of a water molecule by a cation; (f) deprotonation of an organic cation by a water molecule; (g) association of hydrogen sulfate anions
via hydrogen bonding; (h) association of sulfate and hydrogen sulfate anions as a result of S−O coordination; (m) association of organic cations as
a result of π−π stacking of the furan rings; (n) deprotonation of an organic cation by a DMSO molecule; (o) formation of an ionic pair between an
organic cation and a hydrogen sulfate anion; and (p) association of sulfate anion and hydrogen sulfate anion via hydrogen bonding.

On the basis of the observations made, one can conclude
that addition of water to the 1-H2SO4 IL resulted in weakening
of interactions between the IL ions and formation of the IL/
H2O framework due to multiple H-bonding. Supposedly, the
appearance of the number of additional coordination sites for
cellulose molecules in this system resulted in the enhancement

of solvating properties of the media. In addition, dilution of 1H2SO4 with water improved its thermal stability, which
allowed tuning the cellulose dissolution conditions in a wider
range. A decrease of the solution viscosity in the presence of
water facilitated the mass transfer which had an additional
positive eﬀect on the dissolving ability.
I
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Figure 7. Optimized molecular structures of associates of hydrogen sulfate anion and organic cation of 1-H2SO4 IL (a) and various associates of
organic cations (b−e). For associates (b−e), the cation-bound [HSO4]− anions are not shown. The values of relative total energy (ΔE, kcal/mol)
are provided for each associate [the energy of structure (a) is taken as the reference point]. The Laplacian of the ED maps in the plane passing
through the (3; −1) bond critical point of the hydrogen bond (small green spheres) and its forming atoms are shown for each intermolecular
complex. The analyzed hydrogen bonds are shown for each associate by a dotted line. The values of ED (ρ, a.u.), Laplacian of ED (∇2ρ, a.u.), and
potential energy density (V, a.u.) at the bond critical point of the hydrogen bond are shown. The energy of each hydrogen bond [E(HB), kcal/mol]
was calculated according to the empirical correlation: E(HB) = 0.277|V| − 0.45.139

Computational Modeling. In addition to experimental
methods, molecular modeling provides more detailed
information on the nature of intermolecular interactions
arising in the process of IL dissolution. The most informative
method for studying the liquids, in particular, ILs, is the MD
method, which allows assessing the structural stability of
various intermolecular complexes over time at a given
temperature.124,125 Since modeling of the aggregation of ions

in a solution requires introducing the solvent molecules in an
explicit form, the size of the molecular system being modeled is
a crucial parameter. Most of the theoretical studies on ILs and
their solutions have been carried out using several diﬀerent
force ﬁelds of classical MD.126,127 However, the choice of the
appropriate interatomic potentials in classical MD can become
a separate diﬃcult task, especially for novel compounds.128,129
In addition, when modeling protic ILs in combination with
J
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described earlier both in pure ILs134−137 and their solutions.138
However, the latter are signiﬁcantly less studied than the
former.
Deprotonation of the cations by DMSO molecules is less
eﬃcient (Figure 6j,n; Movie S6). For example, when studying
eight 100 ps trajectories, in ﬁve cases, both cations were
deprotonated, in two cases, both cations remained protonated,
and in one case, one of the two cations was deprotonated.
Upon completion of two 200 ps trajectories, only one cation
was deprotonated in each case.
In contrast to the aqueous solution, where [HSO4]− anions
quickly associate with each other, thus losing the coordination
with the cations, in the DMSO medium ionic pairs between
the cations and anions are formed (Figure 6k,o; Movie S7).
Thus, the rate of dissociation of contact 1-H2SO4 ion pairs in
the DMSO environment is presumably lower than that in the
water environment. However, in DMSO, ion pairs can also
dissociate gradually allowing anti-electrostatic hydrogen bonds
between the hydrogen sulfate anions to form (Figure 6l,p;
Movie S8). In the case of DMSO, the anions coordinate with
each other due to hydrogen bonding, not S−O coordination,
as it was the case in the aqueous solution. Of note, the DMSO
medium could promote the formation of ion chains since even
in such a small system, the formation of a linear structure
consisting of an associate between the anion and two cations
was observed (Movie S9).
To calculate the energy of hydrogen bonds in the 1-H2SO4,
IL ion associates without considering the eﬀect of speciﬁc
solvation by solvent molecules, an AIM analysis of the total ED
in the interionic complexes of various structures (Figure 7) was
performed.140 Since the ions are linked to each other by several
hydrogen bonds, the calculation of the energy of individual
hydrogen bonds was carried out using an empirical correlation
that related the bond energy and the potential energy density
at the critical point (3; −1) of this bond (see the caption to
Figure 7). The total ED was calculated for each associate
structure optimized by PBE0-D3/6-31+G(d) in a continuum
DMSO medium (see the Computational Details section).
Variations in the solvent dielectric constant have insigniﬁcant
eﬀects on the ED parameters at the bond critical points in this
continuum model; therefore, the ED parameters were
discussed only for the continuum DMSO medium.
The maximal energy corresponds to the hydrogen bonds
between the NH group of the cation and the oxygen atom of
the hydrogen sulfate anion (Figure 7a) or the oxygen atom of
the terminal hydroxyl group of the other organic cation (Figure
7c). The minimal energies are characteristic of hydrogen bonds
formed with the oxygen atom of the furan ring (Figure 7d,e).
The insigniﬁcant energy of the hydrogen bonds with the latter
can be explained not only by its low electron-donating ability
but also by conformational reasons: the furan ring is located in
the middle of the organic cation and is surrounded by
substituents that prevent a close contact with the hydrogen
bond donor.
Among the associates tested, the structure, in which the NH
groups of the cations are coordinated with the hydrogen sulfate
anions (Figure 7a), has the lowest total energy. The revealed
distribution of the hydrogen bond energies correlated with the
data of the MD simulation: ion pairs similar to the structure
shown in Figure 7a were formed in DMSO, while cation
associates formed due to hydrogen bonding were not recorded
at the 100−200 ps trajectories.

protic organic solvents, the aggregation of ions and molecules
is accompanied by proton transfer processes, that is, the
formation and dissociation of chemical bonds, for which
quantum-chemical methods are preferable.
Recently, semiempirical quantum chemistry methods, such
as GFNn-XTB, for eﬀective and cost-eﬃcient molecular
modeling of systems consisting of several hundred atoms
have been developed. In particular, the GFN2-XTB method is
parameterized for a more correct description of electrostatic
and dispersion interactions, which are of high importance,
when modeling IL solutions (see the Computational Details
section).
To study the dynamics of ions of the 1-H2SO4 IL by using
the GFN2-XTB method, MD modeling of two molecular
systems approximately describing solutions in water and
DMSO was performed. The system describing the aqueous
solution contained two ionic pairs [REt2-NH]+[HSO4]−
surrounded by 106 water molecules, and the DMSO system
contained the same two ionic pairs surrounded by 18 DMSO
molecules. As shown by DFT modeling of MD,130 hydrogen
sulfate ions are predominant in the aqueous solutions of
sulfuric acid at a wide range of concentrations; hence, the
model system of the aqueous solution of IL in this work
contained hydrogen sulfate ions at the initial point of the
trajectory. Using the two ionic pairs in the model allows
analyzing the association of similarly charged ions without
overloading the system with additional particles that slow
down the trajectory calculation.
The model did not use periodic boundary conditions; to
prevent the gradual evaporation of the “nanodroplet” upon
heating up to 400 K, the system was surrounded by a spherical
potential, which held the molecules in a bounded space region
(“passive nanoreactor”). For each solution, 10 trajectories
(eight trajectories of 100 ps and two trajectories of 200 ps)
with a 1 fs integration step were calculated. Before MD
trajectory calculations, the geometry optimization of the
molecular system was performed.
In the aqueous solution of 1-H2SO4, no trajectories
demonstrated the association of the organic cations with
each other. Due to their compact size and signiﬁcant dipole
moment, water molecules eﬃciently solvated the organic
cations of the 1-H2SO4 IL by entering the cation “cavity” built
by substituents of the furan ring and simultaneously forming
two hydrogen bonds with the −OH and the −NH groups
(Figure 6a,e, Movie S1). In the aqueous solution, both organic
cations were deprotonated by proton transfer to water
molecules in all the trajectories (Figure 6b,f; Movie S2).
A stable association of the [HSO4]− anions occurs in all the
trajectories in the aqueous medium; it can be realized both via
the hydrogen bonding (Figure 6c,g; Movie S3) and via the
coordination of the oxygen atom of one anion with the sulfur
atom of the another anion, which assumes the conﬁguration of
a trigonal bipyramid (Figure 6d,h; Movie S4). Currently,
antielectrostatic hydrogen bonds leading to anion association
are the important topic of studies in condensed matter
chemistry and supramolecular chemistry. Presumably, these
bonds also play an important role in the inner microstructuring
of ILs.131−133
In contrast to the water medium, in the DMSO medium, the
association of the cations occurs due to the stacking of the
furan rings via interactions between their π-electrons (Figure
6i,m; Movie S5). π-π-Stacking-mediated associations of the IL
cations containing unsaturated cyclic fragments have been
K
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Scheme 2. Plausible Diversity of Molecular Interactions in Pure IL and Its Water/DMSO Solutionsa

a

Orange region, associates localized as a result of total optimization in the continuum DMSO model (PBE0-D3/6-31+G(d)); blue region,
intermolecular structures identiﬁed as a result of GFN2-XTB MD modeling in the water medium with the explicit solvent and speciﬁc solvation;
and green region, intermolecular structures identiﬁed as a result of GFN2-XTB MD modeling in the DMSO medium with the explicit solvent and
speciﬁc solvation.

Table 4. Summary of Green Chemistry Metrics for Synthesized Compounds
compound

atom economy, %

sEF

cEF

EF

solvent intensity

stoichiometric factor

1-HCl
1-H2SO4
1-H3PO4
1-Cl/HCl
2-H2SO4
2-HCl
2-H3PO4
2-Cl/HCl
3-HCl
4-HCl
5-HCl
6-HCl

100
100
100
79
100
100
100
81
100
100
100
100

0.41
0.04
0.41
0.69
0.16
0.43
0.43
0.67
0.61
0.39
0.33
0.25

137.53
48.00
107.53
313.24
46.86
120.86
97.35
284.96
157.64
121.28
119.32
64.51

14.12
4.84
11.12
31.94
4.83
12.47
10.12
28.96
16.32
12.48
12.23
6.68

137.12
47.96
107.12
312.50
46.70
120.43
96.92
284.14
157.03
120.89
118.98
64.26

1.00
1.00
1.00
1.20
1.00
1.00
1.00
1.18
1.00
1.00
1.00
1.00

Thus, the associates formed between the cations via weak
hydrogen bonds and localized as a result of geometry
optimization in a continuum DMSO medium turn out to be
unstable in the solvent medium with explicit solvation
(Scheme 2). Only the ion pairs of the organic cation and
hydrogen sulfate anion which possess the lowest energy, as
shown by DFT calculations in a continuum medium, are
relatively stable in the DMSO medium with the explicit

solvent. However, the existence of associates between the
cations is quite possible in a pure IL with direct contacts
between the ions.
Green Metrics and Cost Estimates. In the ﬁnal section,
we would like to emphasize the key advantages of the
developed approach. One of them is the greenness of synthesis
of the novel bio-ILs from cellulose. For its estimation, we
employed the following metrics: atom economy,141 environL
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Figure 8. Synthesis tree for bio-IL from raw materials.

mental factors,142 solvent intensity,141 and stoichiometric
factor.143 Formulas for calculations and the corresponding
working tables are provided in the Supporting Information.
As it can be seen from Table 4, the ﬁnal step in the synthesis
of nearly all the ILs is characterized by 100% atom economy
(AE), except for 1-Cl/HCl and 2-Cl/HCl (79 and 81%,
respectively). AE for these CMF derivatives are aﬀected by the
usage of thionyl chloride as a chlorinating agent, which is not
fully incorporated into the product (SO2 is formed as a
byproduct). AE does not consider the reaction stoichiometry,
as well as solvents or reagents are not incorporated into the
ﬁnal product; hence, additional metrics should be calculated.
We calculated three diﬀerent E-factors (EFs): simple Efactor (sEF) applied for initial research; complete E-factor
(cEF) that included all the components utilized for the entire
synthesis (i.e. water and solvents), assuming no recycling; and
“true” EF that also took into account all the components that
could be recycled.144 In order to unify the solvent loss, it was
assumed that 90% of the organic solvents were recovered.
For all the ILs, sEFs were below 1 (Table 4). In the case of
1-Cl/HCl and 2-Cl/HCl, AE was lower and sEF was higher
(0.69 and 0.67, respectively) than those for the other ILs. For
3-HCl, sEF was lower than that for the CMF derivatives (0.61)
but higher than that for the other ILs due to its moderate yield
(Table 4).
The calculated cEFs, which included all the used organic
solvents and water, were in the range of 48−158 for 1-HCl, 1H2SO4, 1-H3PO4, 2-H2SO4, 2-HCl, 2-H3PO4, 3-HCl, 4-HCl,
5-HCl, and 6-HCl (the maximal cEF was observed for 3-HCl).
For 1-Cl/HCl and 2-Cl/HCl, the cEF values were higher
because signiﬁcant volumes of petroleum ethers for the
product precipitation and non-stoichiometric amount of
thionyl chloride were used (Table 4).
The stoichiometric factor for all the IL synthesized was in
the range of 1−1.2, thus showing that less than 20%, excess of
any reagent was used in all the reactions (Table 4). The
procedures did not require the usage of column chromatography, but additional amounts of organic solvents were used
for the synthesis and product isolation. Solvents had the main
impact on the EF, and, correspondingly, on the greenness of
the whole process. The solvent contribution to the cEF is
indicated by the parameter of solvent intensity, the values of
which are close to the cEF-factor values. In fact, all the organic
solvents were collected and regenerated after each synthesis, so
they should no longer be considered as wastes. The
introduction of solvent recycling considerably improved the
EF, which was in the range of 4.8−32, with the highest values
observed for the CMF derivatives and 3-HCl.

The protic bio-ILs synthesized in this work have several
advantages, as compared to conventional ILs. First, protic ILs
are obtained via one-stage acid−base neutralization; therefore,
they produce less waste than other ILs, which require more
starting components and complex extraction. Due to the
exothermic nature of protic ILs, they are also characterized by
exceptionally low-energy inputs during the synthesis process.
Second, from the viewpoint of atom economy, synthesis of
protic ILs usually demonstrates 100% atom eﬃciency as the
reaction between a Bronsted acid and a Lewis base produces
only the desired IL without any byproducts. At the same time,
AE values for common dialkylimidazolium ILs prepared via
one-pot or metathesis reactions are below 100% since a
stoichiometric amount of metal chloride is generated. Thus,
synthesis of [C4mim][BF4] from the halide intermediate has a
93% atom economy, whereas ILs produced from a
methylsulfate intermediate have much lower values.145
Third, synthesis of dialkylimidazolium ILs is characterized
by high environmental factors; it is a multi-step reaction
process, and its ﬁnal EF is a sum of all the EFs for the separate
steps each of which equals or exceeds 1.146 A conventional
laboratory synthesis of [C6mim][Cl] via alkylation of 1methylimidazole in the absence of organic solvents is
characterized by a wide range of calculated simple EFs (0.5−
20.9), depending on the yield under diﬀerent reaction
conditions.147 Synthesis of 1-alkyl-3-methylimidazolium halide
with toluene or acetonitrile (reaction solvent) followed by
product washing requires signiﬁcant amounts of organic
solvents. The calculated EF for this procedure is about 30 g
of waste per 1 g of product.148
Fourth, the cost of starting materials makes the largest
contribution to the cost of protic ILs, which have the highest
potential for biomass processing.145 The production of ILs
from 5-HMF is considered to be more proﬁtable and greener
since such ILs are obtained from cellulose, which is available in
signiﬁcant quantities. According to estimation by Singh and coauthors, the production cost for biomass-derived ILs is about
4−13 $/kg.6 By using the prices of raw materials,149 we
calculated the production costs for the novel ILs presented in
this work and found them comparable (6−15 $/kg) to those
for biomass-derived ILs and signiﬁcantly lower than those for
conventional imidazolium ILs. Estimated prices of imidazolium
ILs with common chloride, hydrogen sulfate anions, and
acetate anions are ca. 100−1000 $/kg.150
Considering the C6-furan-based ILs described in the present
study, the cost of 5-HMF has dropped considerably after the
launch of the ﬁrst industrial production. Upon increasing the
number of the manufactures, the price will decrease, and, as a
M
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chain at the ammonium core. Therefore, the shorter ethyl side
chains at the ammonium core corresponded to lower
cytotoxicity.
Of note, the IL with the sulfate anion demonstrated a
cellulose-dissolving ability. The analysis of the total ED of
hydrogen bonds in the interionic associates of various
structures of the 1-H2SO4 IL demonstrated that the strongest
hydrogen bonds were formed between the NH group of the
quaternary nitrogen atom and the oxygen atoms of the
hydrosulfate anion, as well as between the NH group of the
quaternary nitrogen atom and the terminal OH groups of
another organic cation. The weak acceptor of the hydrogen
bond in this IL is the oxygen atom of the furan ring.
The obtained results suggest possible applications of the
least toxic novel 5-HMF-derived ILs in biomass pretreatment,
whereas the regulation of biological activity of the ILs via
structural adjustments can be of use in biology and medicine.

result, it will become more proﬁtable to produce chemicals,
including ILs, from 5-HMF.149
Finally, an important point in chemical production is the
number of stages since more synthesis steps mean more wastes
and higher energy consumptionand thus higher environmental impact. As estimated by Jessop, most dialkylimidazolium ILs require ca. 30 synthetic steps from raw components.151 For example, synthesis of [C4mim][Cl] requires 22
steps, synthesis of [C2mim][OAc]29 steps, and synthesis of
1-butyl-3-methylimidazolium ILs with the ﬂuorinated anions
[BF4] and [OTf]32 steps. Preparation of presumably
biocompatible and green choline chloride requires 14 steps.
Figure 8 shows a synthesis tree for producing the 1-H2SO4
IL described in this work from cellulose. It requires 12 steps to
synthesize the IL directly from cellulose and raw materials (N2,
H2, Cl2, S8, O2, B, and Na). The step number is lower than that
for imidazolium and even cholinium ILs. The reduced
environmental impact of the chemical synthesis of the new
bio-ILs will allow lowering both the energy required and waste
produced during the solvent manufacturing.
In conclusion, we would like to emphasize the key
advantages of the developed synthetic approach. Cellulose is
the most abundant source of renewable carbon; its annual
natural production totals 60−100 billion tons.152,153 Therefore,
a large-scale synthesis of 5-HMF-derived ILs is a reliable and
safe route to highly demanded cheap chemicals. Both
chemically reactive C2 and C5 positions of the furan ring are
substituted in 5-HMF and its derivatives thus ensuring the
stability of 5-HMF-derived ILs. As a key sustainability
advantage, C6 unit is transferred from the hexose unit directly
to 5-HMF and then to the IL core without a carbon loss
(Figure 1).
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CONCLUSIONS
In this work, a new set of 5-HMF-derived ILs with a
protonated tertiary amino group in the cation and diﬀerent
inorganic anions was synthesized and characterized. Three
synthesized ILs were viscous oils at r.t. and three had melting
points at 38−88 °C, thus being typical ILs. Most of the novel
ILs were readily soluble in water. Modeling studies revealed a
higher probability of cation deprotonation and dissociation of
ionic pairs into separate ions in the aqueous medium, as
compared to the DMSO medium, which, in its turn, promoted
the ion association to a greater extent, allowing the formation
of cation−cation associates by the π−π stacking mechanism.
Both in the water and DMSO environments, the association of
anions was due to the formation of anti-electrostatic hydrogen
bonds.
Cytotoxicity of several 5-HMF-derived ILs was comparable
to that of common imidazolium ILs, whereas other ILs were
signiﬁcantly more active. The substituents in the cationic core
had a prominent impact on the cytotoxicity of the ILs in
human ﬁbroblasts; the nature of the anion was less important.
The obtained results also implied a crucial role of the original
building blocks in the biological activity of the synthesized ILs.
In contrast, the novel 5-HMF-derived ILs demonstrated no
antimicrobial activity, except for one, which had a weak
bactericidal activity against two species of Gram-positive
bacteria (S. aureus and E. faecium). The obtained results
suggested the presence of the chlorine atom in the side chain
of the furfural unit to be responsible for the bactericidal eﬀect.
At that, 1-Cl/HCl was also more cytotoxic than 1-HCl, but
less cytotoxic than 2-Cl/HCl, which bore benzyl as a side
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