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Abstract
Ternary deep eutectic solvents (TDESs) comprising choline chloride (ChCl), glycerol and L-arginine were synthesized as catalysts and
solvents for the conversion of D-glucosamine (GlcNH2) into deoxyfructosazine (DOF). The interactions between these three components in the
prepared TDESs were studied by 1H-, 35Cl-NMR spectra and 1H diffusion-ordered spectroscopy (DOSY) measurements. The chemical shift
changes of active hydrogen in the 1H-NMR spectra of TDES system and widening of signals in the 35Cl-NMR spectra confirmed the hydrogen
bonding interaction between the components, which was further supported by the decrease of diffusion coefficients (D) of the TDES components
according to 1H DOSY measurements. The influences of reaction temperature and L-arginine content in the TDESs on the yield of DOF were
also studied. The experimental results have shown that when the molar ratio of ChCl, glycerol, and L-arginine was 1:2:0.1, DOF was the major
product with a yield of 22.6% at 90 �C for 120 min. The chemical shift titration indicated that the carboxyl group of L-arginine in the TDES is
the catalytical active site, so the mechanism of the catalytic reaction between GlcNH2 and the TDES was proposed. Moreover, a reaction in-
termediate, dihydrofructosazine, was identified in the self-condensation reaction of GlcNH2 by an in situ 1H NMR technique.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Reducing the use of fossil fuel resources and meeting the
demand for energy and chemicals have led to significant
research efforts in the utilization of biomass resources [1,2].
So far, substantial progress has been achieved in the conver-
sion of lignocellulose into valuable platform chemicals, such
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as levulinic acid and 5-hydroxymethylfurfural [3–10]. How-
ever, less attention has been paid to chitin biomass, such as
chitin and its derivatives (i.e. chitosan, D-glucosamine, N-
acetyl D-glucosamine), which is the second most abundant
natural biopolymer after cellulose [11–16]. Chitin and chito-
san are biodegradable marine biomasses. In addition, when
comparing with cellulose, the most remarkable advantage of
the chitin biomass is that it can serve as the feedstock to access
certain nitrogen-containing chemicals in the absence of addi-
tional nitrogen resources [17]. Therefore, catalytic conversion
of these chitin and chitosan biomass into nitrogen-containing
compounds with high value added is consistent with the
principal rules of green chemistry [18].
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,

ecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:houxianglin@sxicc.ac.cn
mailto:wangyx@sxicc.ac.cn
mailto:wangyx@sxicc.ac.cn
www.sciencedirect.com/science/journal/24680257
https://doi.org/10.1016/j.gee.2020.04.010
https://doi.org/10.1016/j.gee.2020.04.010
https://doi.org/10.1016/j.gee.2020.04.010
http://www.keaipublishing.com/gee
https://doi.org/10.1016/j.gee.2020.04.010
http://creativecommons.org/licenses/by-nc-nd/4.0/


262 P. Liu et al. / Green Energy & Environment 6 (2021) 261–270
Deoxyfructosazine (DOF) and fructosazine (FZ), the
nitrogen-containing pyrazine derivatives, are important ad-
ditives in the food and tobacco industries [18]. It has also
been reported that these heterocyclic compounds, DOF and
FZ, shown potentially pharmacological activities. For
example, DOF showed inhibitory effects in immunological
and anti-inflammatory diseases, and FZ can be used as a
reagent for DNA strand cleavage [19,20]. Due to the appli-
cation value of DOF, chemical synthesis of DOF was ob-
tained greatly concerned. DOF was prepared by using
monosaccharides or polysaccharides as feedstocks, such as
glucose, fructose, cellobiose, inulin, and ammonium salts
(carbonate, sulfite, acetate, bicarbonate and etc.) as catalysts
in weak acidic aqueous solutions [21,22]. However, the
requirement of additional nitrogen resources in these re-
actions affects with the atom economy negatively. DOF and
FZ have also been prepared from D-glucosamine (GlcNH2),
the monomer of chitosan, with phenylboronic acid, boric acid
or the basic ionic liquid 1-ethyl-3-methylimidazolium acetate
as catalysts [23,24]. In these synthetic routes, DOF and FZ
are obtained through self-condensation of two GlcNH2

molecules and hence the additional nitrogen sources can be
avoided.

In recent years, deep eutectic solvents (DESs), which are
considered as ionic liquids (ILs) analogues, have emerged as
new types of environment-friendly green solvents. DESs are
hydrogen bonding complexes formed between hydrogen-
bond donors (HBDs), such as alcohols, acids or amides,
and hydrogen-bond acceptors (HBAs), such as ammonium or
phosphonium salts [25]. They present several attractive ad-
vantages, such as biodegradability, recyclability, negligible
vapor pressure and are the liquid state in a wide temperature
range [26–29]. Since first reported in 2001 by Abbott et al.
[25], DESs have been applied in electrochemistry [30],
organic synthesis [31–33] and polymer science [27]. More-
over, applications of DESs have also been extended to gas
capture and biorefinery [34]. Zou et al. studied the solubility
of CO2 within choline chloride (ChCl) and urea DESs [35].
Prasad et al. investigated the dissolving capacity of chitin
biomass in ChCl/urea and ChCl/thiourea [36]. These studies
mainly focused on binary DESs as catalysts or solvents.
Until now, there are few reports on the studies and appli-
cations of ternary deep eutectic solvents (TDESs), especially
not in the biorefinery research area. Recent studies show that
the properties of binary DESs can be optimized and
improved through the addition of a third component [37–40].
Xing et al. reported that acetic acid and formic acid com-
bined as HBDs are more effective than one acid as HBD in
the pretreatment of rice straw [41]. Wan et al. reported that
TDES comprising guanidine hydrochloride, ethylene glycol,
and p-toluenesulfonic acid could effectively degrade ligno-
cellulose [42]. Thus, introduce the third component into the
DES to form TDES can modify the properties and will be
beneficial for the application. The hydrogen bonding in-
teractions in TDESs as a result of adding the third compo-
nent have however not been studied and remains poorly
understood. Furthermore, most of the studies in biorefinery
focus on the interactions between TDESs and lignocellulose,
while TDESs as catalysts and solvents for biorefinery of
chitin biomass have not received attention, despite the
structural differences between lignocellulose biomass and
chitin biomass.

Here, TDESs as catalysts and solvents for the conversion
of chitin based biomass, i.e. the self-condensation of GlcNH2

into DOF is examined. The chemical structure, molecular
formula and molar mass of components in the TDES
employed are listed in Table S1. The TDESs were prepared
with ChCl as the HBA, glycerol and L-arginine as HBDs.
The formation of hydrogen bonding between HBA and
HBDs was detected by 1H-NMR, 35Cl-NMR and diffusion-
ordered NMR spectroscopy (DOSY). The catalytic perfor-
mance of these TDESs was altered by changing the molar
amount of L-arginine keeping the amount of ChCl and
glycerol constant. The effects of reaction temperature, re-
action time and the formulation of TDESs on the product
yields were investigated. Finally, the chemical shift titration
of 13C-NMR and in situ 1H-NMR were applied to explore
the mechanism of the interaction between TDESs and
GlcNH2.

2. Experimental sections
2.1. Materials
D-glucosamine hydrochloride was purchased from
Golden-Shell Biochemical Co. Ltd. Choline chloride (ChCl)
(analytical grade), pyrazine (analytical grade) and L-arginine
(analytical grade) were obtained from Aladdin Co., Ltd.
Glycerol (analytical grade) was purchased from Sinopharm
Chemical Reagent Co., Ltd. DMSO-d6 (dimethyl sulfoxide-
d6, 99.9% atom D) and D2O (deuterium oxide, 99.8% atom
D) were supplied by Qingdao Tenglong Microwave Tech-
nology Co. Ltd. GlcNH2 (HCl-free D-glucosamine) was
prepared by mixing D-glucosamine hydrochloride with trie-
thylamine and dichloromethane and stirring for three days at
room temperature. To remove triethylamine hydrochloride,
the mixed sample was extracted five times by dichloro-
methane, then retained solids and dried at room temperature
[24]. All chemical reagents were used without further
purification.
2.2. General procedure for synthesis of the TDESs
ChCl and glycerol with a molar ratio of 1:2 were added in a
round bottom flask and heated to 80 �C in an oil bath under
stirring until a homogeneous liquid was formed. Then, the
different molar ratios of L-arginine (0, 0.05, 0.10, 0.15 and
0.20) relative to ChCl were added. The mixtures were heated
at 80 �C and stirred until forming a homogeneous liquid. The
prepared liquid was dried under vacuum at 80 �C overnight to
obtain the TDESs (Fig. S1) [43]. These TDESs containing
different molar ratios of L-arginine have been abbreviated as
ChCl-Gly, ChCl-Gly-Arg-0.05, ChCl-Gly-Arg-0.1, ChCl-Gly-
Arg-0.15 and ChCl-Gly-Arg-0.2.



263P. Liu et al. / Green Energy & Environment 6 (2021) 261–270
2.3. NMR sample preparation
To observe the changes of the 13C chemical shifts of
GlcNH2 with the increase of ChCl-Gly-Arg-0.2 content,
samples were prepared by adding different amounts of ChCl-
Gly-Arg-0.2 into solutions of 0.5 mL DMSO-d6 containing
20 mg GlcNH2. For ensuring the dissolution of substrates, the
samples were sonicated before NMR analysis. Moreover, to
investigate the effect of the amount of GlcNH2 on the proton
and carbon chemical shifts of ChCl-Gly-Arg-0.2, 3, 6, 9, 12
and 18 mg of GlcNH2 (corresponding to 5%, 10%, 15%, 20%
and 30% of ChCl-Gly-Arg-0.2 by mass) were added into
0.5 mL DMSO-d6 and 60 mg ChCl-Gly-Arg-0.2, respectively.
After complete dissolution, samples were transferred into
5 mm NMR tubes for measurement. The 35Cl-NMR samples
were placed in 5 mm NMR tubes with a coaxial capillary
insert containing 30 mg mL�1 KCl solution in D2O to provide
the NMR external standard.
2.4. General reaction procedures
The preparation of pyrazine derivatives by the condensation
reaction of GlcNH2 was carried out in a round bottom flask
and heated in an oil bath while stirring. In the typical exper-
imental procedure, 2 mmol (0.358 g) GlcNH2 was dissolved in
15 mmol of TDESs. At definite times, 0.1 mL reaction mixture
samples were taken and immediately cooled in an ice water
bath to stop the reaction. The yield of DOF was analyzed by
quantitative 1H-NMR spectroscopy (Fig. S2) [44]. To prepare
the quantitative 1H NMR samples, 0.3 mL of pyrazine D2O
solution (0.3 mg mL�1) as an internal standard solution was
added to the 0.1 mL of the reaction mixture. The yields of
products were calculated as:

Yield¼2� moles of products

moles of substrate
� 100%
2.5. In situ NMR sample preparation
In situ NMR experiment was carried out by the following
procedure: 2 mmol (0.358 g) GlcNH2 was dissolved in
15 mmol ChCl-Gly-Arg-0.1. The mixed solution was heated
and stirred at 60 �C. At a certain time, 0.1 mL reaction mixture
was taken out and cooled rapidly in an ice water bath. 0.3 mL
D2O was added to the cooled reaction mixture and then
transferred into 5 mm NMR tubes followed by NMR
measurements.
2.6. NMR characterization
The one-dimensional (1D) and two-dimensional (2D) NMR
spectra were obtained on a Bruker AV-III 400 MHz NMR
spectrometer (9.39 T). 1H-, 13C- and 35Cl-NMR measurements
were acquired at frequencies of 400.13, 100.61 and
39.20 MHz, respectively. The NMR parameters for 1H mea-
surements were: pulse program for acquisition, zg30; AQ,
4.09 s; D1, 1.0 s; DS, 2; NS, 16. The NMR parameters for 13C
measurements were: pulse program for acquisition, zgpg30;
AQ, 1.36 s; D1, 2.0 s; DS, 4; NS, 1024. The NMR parameters
for 35Cl measurements were: pulse program for acquisition,
zg; AQ, 0.76 s; D1, 0.1 s; DS, 4; NS, 5120. The parameters for
quantitative 1H-NMR were: pulse program for acquisition, zg;
AQ, 4.09 s; D1, 15.0 s; DS, 2; NS, 8. The pulse program for
1H–13C HSQC acquisition was hsqcedetgpsisp2.3. DOSY ex-
periments were carried out with the Bruker standard bipolar
pulse longitudinal eddy current delay (BPPLED) pulse
sequence at 298 K and at a gas flow rate of 400 lph without
sample spinning. For all 1H DOSY experiments, 16 BPPLED
spectra with 32 K data points were collected. Diffusion time
(D) was 100 ms. In order to acquire 2d5% residual signal
with the maximum gradient strength, the duration of the pulse
field gradient (d/2) was adjusted between 600 and 2000 ms The
eddy current delay was 5 ms and the delay for gradient re-
covery was 0.2 ms. The gradient strength was incremented in
32 steps from 2% to 95% of its maximum value in a linear
ramp. The data were processed by Bruker Topspin 3.1 and
Dynamics Center 2.2.4 software.

3. Results and discussion
3.1. The hydrogen bonding between various components
of TDES
To explore the interaction between various components of
the TDESs, 1H-NMR spectra of the TDES systems were tested
using DMSO-d6 as the solvent. DMSO was used as the solvent
due to ChCl good solubility herein and its weak effect on the
interaction with the other components in DESs [45]. The 1H-
NMR results are shown in Fig. 1a. Comparing with the spectra
of pure ChCl and glycerol, the chemical shift of –OH of ChCl
moved to upfield and the –OH of glycerol moved to downfield
in the binary system ChCl-Gly. It is likely that the intra-
molecular hydrogen bonds, i.e. –OH$$$Cl, in ChCl were
broken and new intermolecular hydrogen bonds formed be-
tween ChCl and glycerol [46]. After L-arginine was introduced
into ChCl-Gly, all the active hydrogen signals of each
component in the formed TDES disappeared and a new broad
peak appeared at 4.76 ppm (Fig. 1a). According to the report
by Jia et al., rapid intermolecular proton exchange is caused by
the presence of basic L-arginine, which contributes to the
appearance of this broad peak [24].

In order to study the formation of intermolecular hydrogen
bonds between Cl� and the active protons of glycerol and/or L-
arginine further, 35Cl-NMR spectra for ChCl, ChCl-Gly and
ChCl-Gly-Arg were recorded as shown in Fig. 1b. The peak
width at half height of the 35Cl-NMR signal gradually
increased from 277.93 Hz to 471.18 Hz and 542.14 Hz for
ChCl, ChCl-Gly and ChCl-Gly-Arg, respectively. The peak
width of 35Cl NMR signal is mainly affected by the interaction
between the nuclear quadrupole and the electric field gradient
at the nucleus [47]. When the hydrogen bonding is formed, the
value of the electric field gradient gets larger, which results in
the peak of 35Cl becomes wider. These results prove that the
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hydrogen bonds are formed between the Cl� and the active
protons of glycerol and/or L-arginine, which lead to the for-
mation of TDES [48].

Diffusion-ordered spectroscopy (DOSY) can be used to
study the interactions between different molecules by the
change in the diffusion coefficient (D) of molecules [49]. The
D value is relevant to the properties of molecular, such as
molecular weight, size, shape, and the surrounding environ-
ment, including the temperature and solvent viscosity [50,51].
So, to better illustrate the formation of hydrogen bonds in the
TDES, the 1H DOSY technique was utilized and the results are
shown in Fig. 2. The D values of ChCl and glycerol are
2.53 � 10�10 m2 s�1 and 3.22 � 10�10 m2 s�1, respectively
(Fig. 2a and b). When ChCl-Gly was formed, D values of
ChCl and glycerol of ChCl-Gly were reduced to
2.23 � 10�10 m2 s�1 and 2.61 � 10�10 m2 s�1, respectively
(Fig. 2c). The D values of ChCl and glycerol of the TDES
were further reduced to 2.05 � 10�10 m2 s�1 and
2.43 � 10�10 m2 s�1, when ChCl-Gly-Arg-0.2 was formed
(Fig. 2d). In order to assess the strength of the interaction
between ChCl and glycerol, a parameter R is defined, which is
a ratio of DChCl/Dglycerol (Table S2). When the values are close
to 1, a strong interaction between HBA ChCl and HBD
glycerol is indicated [52]. The R was found to be 0.78, when
ChCl and glycerol were separately dissolved in DMSO-d6.
Interestingly, the value increased to 0.85 in ChCl-Gly solution.
The increase of the R value indicate strong hydrogen bonding
interactions between ChCl and glycerol. When L-arginine was
added to ChCl-Gly system to form the TDES, the R was found
to be 0.84, i.e. only a small chance compared to the ChCl-Gly
solution. This result shows that the interaction strength be-
tween ChCl and glycerol is not affected much by the addition
of arginine, and arginine can interact with ChCl and glycerol
separately and to the similar extent, thus leading to a similar
decrease in the D of ChCl and glycerol. The decrease of the D
values and the increase of R illustrate that the formation of an
intermolecular hydrogen bonding between HBA ChCl and
HBDs, glycerol and L-arginine, in the TDES.
3.2. Interaction between the TDES and GlcNH2
The proton signals of hydroxyl and amino groups and carbon
signals of GlcNH2 can be clearly distinguished using DMSO-d6
as the solvent (1H- and 13C-NMRspectra ofGlcNH2 see Figs. S3
and S4) [24]. Therefore, the interaction of the TDESs on
GlcNH2 could be explored by observing changes in these sig-
nals. Adding ChCl-Gly into the GlcNH2/DMSO-d6 solution, the
proton signals of hydroxyl and amino groups of GlcNH2 almost
remained unchanged in the 1H-NMR spectrum (Fig. 3). How-
ever, when the TDES catalyst, ChCl-Gly-Arg-0.2, was added
into the GlcNH2/DMSO-d6 solution, the active protons signals
of GlcNH2 rapidly merged together and a new broad signal
appeared downfield in the spectra, which is an average signal of
active protons belong to the TDES and GlcNH2 (Fig. 3). Fast
intermolecular proton exchange between the TDES andGlcNH2

leads to the formation of a broad peak. Moreover, the formation
of hydrogen bonding between the TDES and GlcNH2 speeds up
the proton exchange rate [24].

The mutarotation between a- and b-GlcNH2 is also affected
by the intermolecular interaction between GlcNH2 and TDES.
The substrate (GlcNH2) was predominantly present as the a-
anomer in DMSO-d6, and there was practically no b-anomer
observed after keeping the sample three days for equilibration
at room temperature [24]. However, when a fixed amount of
the TDES (molar ratio of ChCl-Gly-Arg-0.2/GlcNH2 ¼ 1.5)
was added into the DMSO-d6 solution, the mutarotation of
GlcNH2 initiated immediately (Fig. 4). When prolonging the
equilibrium time, the relative intensity of signals indicated that
the a-anomer gradually decreased and the b-anomer increased.
It was furthermore observed that the signals of a-H1 and b-H1

moved downfield in the spectra. These results indicate that the
catalytic interaction between GlcNH2 and the TDES promotes
the mutarotation of GlcNH2 efficiently.

The hydrogen bonding interaction between TDES and
GlcNH2 is expected to affect the chemical shifts of the carbon
atoms around the active protons of GlcNH2. The

13C-NMR
chemical shifts (d) and 13C chemical shifts difference value (Dd)



Fig. 2. 1H DOSY spectra of ChCl (a), glycerol (b), ChCl-Gly (1:2) (c) and ChCl-Gly-Arg (1:2:0.2) (d) in DMSO-d6 solution at 25 �C.
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of GlcNH2 were therefore obtained as shown in Fig. 5 and Table
S3. With the molar ratio of ChCl-Gly-Arg-0.2/GlcNH2

increasing, the signals of all carbon atoms of GlcNH2 moved to
downfield, especially a-C1 and b-C1. The support formation of
hydrogen bonds between the TDES and GlcNH2 affecting the
carbon atoms of GlcNH2 at the site of interaction. The signals of
a-C4 and b-C3 were also observed to move downfield upon the
interaction of the TDES with GlcNH2. However, these positions
may not be directly involved in the formation of pyrazine de-
rivatives, but might be important for the complex formation be-
tween the catalyst and reactant. Recently, Jia et al. investigated
the mechanism of the self-condensation of [13C-1] GlcNH2 (the
carbon (C1) of GlcNH2 was

13C-labeled) with the ionic liquid
[C2C1Im][OAc] as the catalyst using in situ 13C NMR [53]. The
results disclosed that the interaction between [C2C1Im][OAc]
and the hydroxyl group in GlcNH2 (C1–OH) promoted the ring-
opening of GlcNH2, and then the two acyclic molecules form an
intermediate by dehydration. The C1 of GlcNH2 transfers to the
ring carbon in the intermediate, which finally transforms into the
pyrazine ring. The hydroxyl groups of a-C4-OH and b-C3-OH
are therefore not directly involved in the product formation.

In order to clarify the interaction responsible for the cat-
alytic properties of TDES, 13C-NMR chemical shift drifts of
the TDES were monitored by increasing the amount of
GlcNH2.

13C chemical shift drift values (Dd) of the TDES are
shown in Fig. 6. The signal of carboxyl of L-arginine moved
significantly up-field, and the peaks of the carbons close to
the carboxyl group in L-arginine, namely C3 and C2, moved
upfield as well. These results clearly demonstrate that the
hydrogen bonding between the carboxyl of L-arginine and the
hydroxyl group (C1–OH) of GlcNH2 increases electron
density around these carbons nucleus in L-arginine. More-
over, the Dd of C2 was smaller than that of C3 though it was
closer to the carboxyl group. It is probably that the amino
group attached to the C2 had an effect on electron density
around the C2 nucleus. These consequences imply that the
carboxyl group of L-arginine in the TDES is the catalytical
active site.
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3.3. Effect of reaction temperature and time on GlcNH2

self-condensation
The effects of reaction temperature and reaction time on
self-condensation of GlcNH2 with ChCl-Gly-Arg-0.2 as the
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reaction media and catalyst were studied, and the results are
shown in Fig. 7a and Table S4. The reaction equilibrium was
reached within 90 min at the low temperature 80 �C with a
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1.03.5 3.0 2.5 2.0 1.5
m)

ime at 25 �C (molar ratio of ChCl-Gly-Arg-0.2/GlcNH2 was 1.5 in DMSO-d6



0.0 0.5 1.0 1.5 2.0
0.0

0.4

0.8

1.2

1.6

2.0

2.4
α-C1
α-C2
α-C3
α-C4
α-C5
α-C6

0.0

0.4

0.8

1.2

1.6

2.0

2.4
β-C1
β-C2
β-C3
β-C4
β-C5
β-C6

ChCl-Gly-Arg-0.2/GlcNH2 (molar ratio)
0.0 0.5 1.0 1.5 2.0

ChCl-Gly-Arg-0.2/GlcNH2 (molar ratio)

∆δ
 (p

pm
)

∆δ
 (p

pm
)

(a) (b)

Fig. 5. Trend of the chemical shift for different carbons in 13C-NMR of GlcNH2 ((a): a-anomers and (b): b-anomers) with increasing the TDES concentration

(Dd ¼ dobs – dpure) in DMSO-d6 at 25
�C.
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temperature was raised to 90 and 100 �C, the reaction reached
equilibrium after 60 and 30 min, and the DOF yield was
20.7% and 20.1%, respectively. Further raising the tempera-
ture to 110 �C, the reaction equilibration time was shortened to
10 min, while the yield of DOF also decreased slightly to
19.3%.
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Fig. 7. Effect of reaction temperature (a) and amount of L-arginine (b) in TDESs on

0.2; (b) 90 �C, 2 mmol GlcNH2, 15 mmol TDESs.
3.4. Effect of different ratios of L-arginine in the TDESs
In order to explore the catalytic performance of TDESs, the
catalytic reactions were carried out at 90 �C for 120 min (shown
in Fig. 7b and Table S5). For the control experiment, namely
using the binary DES ChCl-Gly as the catalyst, the reaction
hardly occurred and no product was observed. When the reac-
tion was carried out for 60 min in ChCl-Gly-Arg-0.05, a DOF
yield of 16.4%was obtained.When prolonging the reaction time
to 120 min, the yield increased slightly to 18.9%. Finally, the
DOF yield increased to 21.7% at 60 min in ChCl-Gly-Arg-0.1.
When the reaction was complete after 120 min, the DOF yield
increased to 22.6%. However, when the TDES was ChCl-Gly-
Arg-0.15 and ChCl-Gly-Arg-0.2, DOF yields after 120 min
slightly decreased to 19.7% and 19.5%, respectively. These re-
sults indicate that L-arginine of the TDES might play the main
role on the self-condensation ofGlcNH2 onDOF. Themaximum
yield of DOF was 22.6%, which was achieved at 90 �C for
120 min in ChCl-Gly-Arg-0.1 solution.
3.5. Proposed reaction mechanism
To get a possible reaction mechanism of the self-
condensation of GlcNH2 using TDESs, in situ 1H NMR
study was carried out at 60 �C (Fig. 8). With the decrease of
GlcNH2 (indicated by signals at 5.16 ppm a-H1 and
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Fig. 8. In situ 1H NMR spectra of GlcNH2 catalyzed by the TDES in D2O at 60 �C with the reaction time extending. The solid triangle (:) denote the peaks of

DOF and the solid square (-) denotes the peaks of intermediate product.

Scheme 1. The possible reaction pathways for the formation of deoxyfructosazine (DOF) from GlcNH2 in ChCl-Gly-Arg solution.
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4.53 ppm b-H1) during the reaction, the peaks of DOF
around 8.44–8.58 ppm gradually increased (Figs. S5–S7).
Interestingly, a new single peak also appeared at 7.64 ppm
after 10 min of reaction, and then its intensity gradually
increased and reached the maximum after 40 min. When
prolonging the reaction time, the signal gradually decreased
and finally totally disappeared after 120 min. According to
Wu et al. this single peak is attributed to dihydro-
fructosazine, an intermediate product in the intermolecular
cyclization and dehydration of GlcNH2 [54]. Accordingly, an
appropriate TDES catalyzed reaction mechanism was pro-
posed (Scheme 1). The presence of hydrogen bonding be-
tween the catalyst and the hydroxyl group in GlcNH2 (C1–

OH) promoted the cycle-opening of GlcNH2. Undergoing
intermolecular nucleophilic addition reaction between nitro-
gen electron pair and the active carbonyl carbon (C1), the
two acyclic GlcNH2 molecules form dihydrofructosazine by
dehydration of two H2O molecules. Then, this intermediate
product, dihydrofructosazine, transfers into DOF through
further dehydration.
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4. Conclusions

In summary, the hydrogen bonding interaction between
various components of the TDESs was demonstrated by 1H-
NMR, 35Cl-NMR and 1H DOSY spectra. The chemical shift
titration proved that the hydrogen bonding was formed be-
tween the carboxyl of L-arginine in TDESs and GlcNH2, and
that this is the main driving force for the catalytic reactions.
Besides this, the major catalytic role of L-arginine in the
TDESs was also disclosed. As an important intermediate,
dihydrofructosazine was detected, and thus a plausible cata-
lytic mechanism of GlcNH2 self-condensation in the TDESs
was proposed. The highest yield of DOF was achieved 22.6%
in ChCl-Gly-Arg-0.1 solution under 90 �C for 120 min. The
conversion of GlcNH2 to the nitrogen-containing pyrazine
derivatives in the TDESs provides a viable solution for the
conversion of marine biomass into high value-added
chemicals.
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