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Switchable product selectivity in dehydration
of N-acetyl-D-glucosamine promoted
by choline chloride-based deep eutectic solvents

Jiancheng Zhao,1,2 Christian Marcus Pedersen,3 Honghong Chang,4 Xianglin Hou,1,2 Yingxiong Wang,1,5,6,*

and Yan Qiao1,2,*

SUMMARY

Herein, we report choline chloride-based deep eutectic solvents (DESs) pro-
moted conversion of N-acetyl-D-glucosamine (GlcNAc) into nitrogen-containing
compounds, i.e., 3-acetamido-5-(10,20-dihydroxyethyl) furan (Chromogen III) and
3-acetamido-5-acetylfuran (3A5AF). The binary deep eutectic solvent choline
chloride-glycerin (ChCl-Gly), was found to promote the dehydration of GlcNAc
to form Chromogen III, which reaches a maximum yield of 31.1%. On the other
hand, the ternary deep eutectic solvent, choline chloride-glycerol-B(OH)3 (ChCl-
Gly-B(OH)3), promoted the further dehydration of GlcNAc into 3A5AF with a
maximum yield of 39.2%. In addition, the reaction intermediate, 2-acetamido-
2,3-dideoxy-D-erythro-hex-2-enofuranose (Chromogen I), was detected by in
situ nuclear magnetic resonance (NMR) techniques when promoted by ChCl-
Gly-B(OH)3. The experimental results of the 1H NMR chemical shift titration
showed ChCl-Gly interactions with a-OH-3 and a-OH-4 of GlcNAc, which is
responsible for promoting the dehydration reaction.Meanwhile, the strong inter-
action between Cl� and GlcNAc was demonstrated by 35Cl NMR.

INTRODUCTION

Nitrogenous fine and platform chemicals have broad application prospects and a huge market demand.

They find wide applications in the fields of advanced functional materials, pharmaceuticals, agrochemicals,

nutrition, textiles, polymers and surfactants are hence economically very attractive.1,2 The industrial synthe-

sis of nitrogenous chemicals mostly relies on the Haber-Bosch process, which is an energy-intensive and

environmentally unfriendly route.3,4 In the context of increasingly strict environmental and resource protec-

tion policies, it is particularly critical to explore efficient and green reaction paths to prepare nitrogenous

chemicals.

Chitin biomass is the largest nitrogen-containing biomass resource in the world. It mainly comes as an

industrial waste product from shells and bones of marine animals such as shrimps and crabs, with abun-

dant reserves and low cost.5–8 Chitin biomass can be converted into a variety of value-added chemicals

through several reaction pathways (shown in Scheme 1).5,9–13 Converting chitin biomass waste into nitro-

gen-containing fine chemicals is an economic and green path while achieving the goals of carbon and

nitrogen fixation.6,14 This also complies with the requirements of atom economy in the principles of

green chemistry.15–17 Hence, the production of organic nitrogenous chemicals from chitin and its mono-

mer N-acetyl-D-glucosamine (GlcNAc) has attracted increasing attention.18 At present, research teams

have successfully converted chitin or its monomer GlcNAc into the nitrogenous chemicals 2-acet-

amido-2,3-dideoxy-D-erythro-hex-2-enofuranose (Chromogen I), 3-acetamido-5-(10,20-dihydroxyethyl)
furan (Chromogen III), 3-acetamido-5-acetylfuran (3A5AF), etc.7,13,19–22 These compounds are widely

used in the agriculture, food and pharmaceutical industries, as they contain valuable functional groups

such as amides, ketones and other active groups.6,23–25 However, because of the complexity of the bio-

refinery reactions, efficient and highly selective conversion of GlcNAc remains a challenge. Therefore, it is

necessary to design improved green catalysts based on mechanistic insight. Hence, exploring the reac-

tion mechanism for the efficient conversion of GlcNAc is key to develop new efficient methods for

biomass valorization.
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Ionic liquids, high-temperature water and enzyme-chemical have been applied for the conversion of

GlcNAc to nitrogen containing platform molecules, among which ionic liquids have received great interest

among researchers (shown in Table S1). For instance, Zang’s team used chitin or GlcNAc as raw materials,

using ionic liquids [PDCMPi]Cl, [CMPy]Cl, [TEA]Cl, [Pyz]Cl or [Gly]Cl to catalyze the reaction to obtain

3A5AF in a maximum yield of 69.54%.26–30 Chen et al. converted chitin in DMA with B(OH)3, LiCl and

HCl into 7.5% of 3A5AF.5 Omari et al. used B(OH)3/NaCl to catalyze the reaction of GlcNAc in DMA at

200�C obtained 62% of 3A5AF.31 Drover et al. catalyzed GlcNAc to produce 60% of 3A5AF by microwave

heating at 180�C with [BMim]Cl and B(OH)3.
32 Osada et al. catalyzed the reaction of GlcNAc at 220�C and

25 MPa in water into 34.5% Chromogen III and a small amount of 3A5AF.33 Chen et al. used chitinolytic

enzyme and NH4SCN to directly catalyze the reaction of chitin with the addition of cocatalyst CaCl2 in

DMA obtained 56.66% of 3A5AF.34 Although, ionic liquids have excellent performance for the GlcNAc bio-

refinery reactions, their tedious preparation process, high cost, and difficulty in storage limit large-scale

applications. The conversion of GlcNAc by enzyme-chemical and high temperature water method is

more complicated and higher requirements for equipment. In addition, the reaction product selectivity

is very difficult to control, an issue that has not yet been resolved.

DESs containing hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) have been reported.35

Compared with more expensive ionic liquids, DES is favored because of its lower cost and easier storage.20,36

Its performance, such as catalysis, extraction, and biomass dissolution, can be tuned through the targeted

design of the HBA and HBD couple.37 These properties promote DESs as efficient and green alternatives to

ionic liquids. For example, Sertuses et al. use choline chloride-based DESs to catalyze cellulose into

5-hydroxymethylfurfural (5-HMF), levulinic acid (LA), furfural and formic acid.38 Filonenkoet al. reported the trans-

formation of glucose into deoxyfructosazine and fructosazine in ammonium formate-based solvents.39Our team

uses ternary deep eutectic solvents catalyzed D-glucosamine self-condensation to deoxyfructosazine.40

In this study, we developed choline chloride-based DESs by a simple and low-cost method for the trans-

formation of GlcNAc selectively into Chromogen III or 3A5AF. The effects of reaction conditions, such as

reaction solvent, temperature, DESs dosage, substrate concentration and reaction time on the 3A5AF

and Chromogen III yields were investigated. The product selectivity was achieved by simple modifying

the HBD part of DESs. In addition, the interaction between GlcNAc and DESs was explored by 1H NMR

chemical shift titration and 1H diffusion-ordered spectroscopy (DOSY) NMR. This study can take advantage

of the high solubility and catalytic activity of DESs in the conversion of biomass resources, and provides

ideas for the catalytic conversion of chitin-based biomass by DESs.

RESULTS AND DISCUSSION

ChCl-polyol DESs promote the dehydration of GlcNAc

ADESs system usingChCl as HBA, and ethylene glycol, 1,3-butanediol, glycerol as HBD for the dehydration of

GlcNAc was prepared. Of interest, we found that such simple DESs can promote the GlcNAc dehydration to

form Chromogen III (shown in Table 1 and Figure S1), which is in agreement with our previous work using the

Scheme 1. The main products of the conversion of GlcNAc reported in the literature9,13,19,33
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ionic liquid 1-allyl-3-methylimidazolium chloride as catalyst.41 Under the same reaction conditions, theGlcNAc

dehydration promoted by ChCl-ethylene glycol only produces trace amount of Chromogen III. When the re-

action was mediated by ChCl-1,3-butanediol, the yield of Chromogen III was 14.5%. When using ChCl-Gly as

the promoter the yield of Chromogen III reached 26.4% with a trace amount of 3A5AF. According to Zang’s

report, the number of hydroxyl groups on the HBD can influence the performance of DESs, i.e. HBDwith more

hydroxyl groups showed a higher performance in the biorefinery reaction.28

Owing to its excellent catalytic performance compared with other DESs composed of choline chloride-pol-

yols, ChCl-Gly was used for the optimization of the reaction conditions. The effects of four solvents, i.e.

DMSO, DMF, DMA and NMP, on the yield of Chromogen III were investigated. The results show that

the main product was Chromogen III when using ChCl-Gly, and the maximum yield of Chromogen III in

DMA was 26.4% at 140�C (shown in Table S2). At lower temperature GlcNAc dehydration to form Chro-

mogen III cannot be observed. When the temperature exceeds 140�C, the decrease of Chromogen III yield

results from production of humin by undesired side reactions. In addition, the experiment was carried out

with the ratio of DESs:GlcNAc being 1:1, 2:1, 3:1 and 4:1 in order to explore the effect of the DESs dosage

on the Chromogen III yield. The optimal molar ratio between DESs and GlcNAc for obtaining Chromogen

III was found to be 2:1. Excessive DESs makes the dehydration reaction of GlcNAc more vigorous, which

reduces the selectivity of the reaction, and ultimately leads to a decrease in the yield of Chromogen III. Us-

ing the optimal reaction solvent, temperature, DES dosage the effect of reaction time on the yield of Chro-

mogen III was studied. The maximum yield of Chromogen III reached 31.1% after 140 min (shown in

Figure 2).

In order to study the reaction mechanism of the DESs promoted GlcNAc conversion, we performed in situ

NMR experiments using ChCl-Gly (shown in Figure 1). After 20 min of reaction, the signals of GlcNAc (such

as a-NH at 7.6 ppm and a-OH-1 at 6.4 ppmof GlcNAc) disappeared from 1HNMR spectrum. As the reaction

progress, the signal of Chromogen III (6.2 ppm, 7.8 ppm) gradually increased from 60 min. The main prod-

uct of the ChCl-Gly mediated GlcNAc dehydration was Chromogen III, with a small amount of 3A5AF which

could be observed by NMR after 180 min.

Dehydration of GlcNAc promoted by DESs with B(OH)3 as HBD

It is generally accepted that the conversion of GlcNAc to Chromogen I, Chromogen III, and 3A5AF is a step-

wise process of dehydration (shown in Figure S2). The main product of the ChCl-Gly mediated GlcNAc

dehydration was Chromogen III. We aim at controlling the distribution of dehydration products through

the design of DESs. Boronic esters are key for regioselectivity in many chemical reactions and their catalytic

activity have recently been demonstrated by Hou et al.42 On this basis, we prepared the DESs ChCl-B(OH)3
and ChCl-Gly-B(OH)3 to compare their performance in GlcNAc dehydration.

As shown in Figure 3, when B(OH)3 was used as the HBD in the binary DES ChCl-B(OH)3, the product selec-

tivity changed significantly. Under the same conditions, the yields of Chromogen III and 3A5AF were 8.5%

and 26.8% respectively after 2 h reaction. In the literature, the yield of 3A5AF was only 10%when using boric

acid alone,31 which indicate that both components in the DESs play a role. After 20 min reaction, the

GlcNAc signal had disappeared completely. Chromogen III and a small amount of Chromogen I were de-

tected during the reaction. After 60 min, with the increase of intensity of 3A5AF signals (7.2 ppm, 8.2 ppm,

10.2 ppm), the signal of Chromogen III gradually weakened and almost disappeared.

We further investigated the GlcNAc reaction using ternary DES, ChCl-Gly-B(OH)3. Using this DES, the yield

of 3A5AF increased significantly to 37.7%. According to Zang et al., the alcoholic hydroxyl group has a

Table 1. Yield of Chromogen III or 3A5AF by dehydration of GlcNAc promoted by different DESs

DES HBD

ChCl:HBD

(molar ratio)

Chromogen

III yield (%)a
3A5AF

yield (%)

ChCl- ethylene glycol ethylene glycol 1:1 trace none

ChCl-1,3-butanediol 1,3-butanediol 1:1 14.5 none

ChCl-Gly glycerol 1:1 26.4 trace

aReaction condition: 1 mmol GlcNAc, 2 mmol DESs, 5 mL DMA, 140�C, 2 h.
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promoting effect on GlcNAc to 3A5AF reaction.28 The ability of glycerol to enhance the B(OH)3 acidity may

also increase the reaction yield. In the reaction, promoted by ternary DESs ChCl-Gly-B(OH)3, a clear signal

of the intermediate Chromogen I (6.3 ppm, 7.9 ppm) was still detected after 100 min (shown in Figure 4).

Compared with the reaction mediated by binary DESs, ChCl-Gly and ChCl-B(OH)3, the signal intensity

of Chromogen I is enhanced when using ChCl-Gly-B(OH)3. Also, the yield of 3A5AF increased significantly,

whereas the yield of by-product acetic acid (9.2 ppm, 2.4 ppm) decreased. Thus, product selectivity and

performance of the reagents system can be controlled by the design of DESs. The role of DESs in the re-

action and their interaction with GlcNAc will be explained below.

The ternary DESs system ChCl-Gly-B(OH)3 was used to optimize the reaction conditions (shown in

Table S3). Similarly, DMA exhibited an excellent performance in this reaction with 37.7% yields of 3A5AF

when the reaction was performed at 140�C using a molar ratio of DESs to GlcNAc of 2:1. The yields of in-

termediates Chromogen I and Chromogen III gradually decreased with increasing reaction time, and the

yield of 3A5AF reached a maximum of 39.2% after 160 min (shown in Figure 5).

Effect of GlcNAc concentration

Meanwhile, adjusting the amount of GlcNAc to investigate the effect of substrate concentration on the yield of

Chromogen III or 3A5AF when reacting with ChCl-Gly or ChCl-Gly-B(OH)3 as catalyst (shown in Table S4).

When ChCl-Gly catalyzes the reaction, the yield of Chromogen III decreases to 10.6% and 3.5% as the amount

of GlcNAc is adjusted to 2 and 3 mmol. After increasing the amount of GlcNAc, most of it was dehydrated to

Chromogen III and a small amount of 3A5AF was generated when catalyzed by ChCl-Gly-B(OH)3.

Figure 1. In situ 1HNMR spectra ofGlcNAc promoted byChCl-Gly inDMAat 140�C for 3 h. Notes: Chromogen III,

3A5AF, Pyrazine

Figure 2. Effect of reaction time on Chromogen III

yield under normal atmospheric reflux

Reaction conditions: 1 mmol GlcNAc, 2 mmol ChCl-Gly,

5 mL DMA, 140�C.
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Recycling experiment

Reusability is one of the evaluation criteria for green catalysts and a necessary requirement for green chem-

istry. The mixture of ChCl-Gly-B(OH)3 catalyzed reaction was treated and the ChCl-Gly-B(OH)3 obtained

was cycled under the same reaction conditions. After 2 h of reaction, 31.1% Chromogen III was obtained,

and only trace 3A5AF was produced. Although the ChCl-Gly-B(OH)3 showed almost no activity in the third

cycle reaction. We speculated that these were because of the complexation of B(OH)3 and GlcNAc in the

reaction process, which resulted in the loss of B(OH)3, so that GlcNAc was only dehydrated to Chromogen

III during the cyclic reaction. In addition, we treated the mixture after the catalytic reaction of ChCl-Gly in

the same way, unfortunately, it lost activity in the second cycle reaction. This may be because of the short-

comings of DES treatment and recycling methods that require further research.

Interactions between GlcNAc and DESs

The interactions between DESs and GlcNAc were explored by 1H NMR chemical shift titration in DMSO-d6,

which is a weakly coordinating reagent and suitable for the exploration of intermolecular interactions.

GlcNAc has dominant two isomers, a-pyranose and b-pyranose, and the a-pyranose accounted for more

than 95% in DMSO-d6.
43 Therefore, we mainly explored the interaction between DESs and a-pyranose in

the 1HNMR chemical shift titration experiments. Firstly, 1H NMR chemical shift titration experiments were per-

formed with different molar ratios of ChCl-Gly to GlcNAc. 1H NMR spectra and Dd values of a-pyranose

Figure 3. In situ 1H NMR spectra of GlcNAc promoted by ChCl-B(OH)3 in DMA at 140�C for 3 h

Notes: Chromogen III, 3A5AF, Pyrazine.

Figure 4. In situ 1H NMR spectra of GlcNAc dehydration mediated by ChCl-Gly-B(OH)3 in DMA at 140�C for 3 h

Notes: Chromogen I, Chromogen III, 3A5AF, Pyrazine.
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chemical shift are shown in Figure 6A and Figure S3.41 The proton signal of a-pyranose moves downfield with

increasing ratio of ChCl-Gly, and the changes of a-OH-3 and a-OH-4 are the most significant. This chemical

shift drift suggests that ChCl-Gly primary interacts with a-OH-3 and a-OH-4 on GlcNAc. To further explore

the interaction between GlcNAc and ChCl-Gly, 1H NMR chemical shift titration experiments were performed

with different molar ratios of GlcNAc to ChCl-Gly (shown in Figure 6B and Figure S4). With the increase of

GlcNAc, the hydroxyl proton signals of ChCl-OH and Gly-OH obviously shifted to upfield (ChCl-OH from

5.51 ppm shift to 5.43 ppm; Gly-OH-1 from 4.54 ppm shift to 4.52 ppm; Gly-OH-2 from 4.47 ppm shift to

4.45 ppm). In addition, the interaction between glycerol and GlcNAc was further demonstrated by DOSY

NMR experiments, which is a pesedu-2D NMR spectroscopic technique with chemical shifts on the F1 dimen-

sion and diffusion coefficients (D) on the F2 dimension (shown in Figure S5).44 The diffusion coefficients of glyc-

erol and GlcNAc were 2.92 $ 10�10 m2/s and 1.85 $ 10�10 m2/s, respectively. The diffusion coefficients for glyc-

erol and GlcNAc decreased to 1.54 $ 10�10 m2/s and 1.49 $ 10�10 m2/s when mixed. The DOSY NMR results

directly proved that the alcoholic hydroxyl group devote a catalytic effect on the conversion of GlcNAc. Using

B(OH)3 as the HBDof DES can significantly change the selectivity of the reaction, because B(OH)3 not only pro-

vides acidity but more importantly can be complexed with GlcNAc to promote further dehydration.5,28,45–47

In addition, the changes of Cl� during the formation of ChCl-Gly and their interactions with GlcNAc were

investigated by 35Cl NMR experiments. As shown in Figure 7, the peak width at half height of the 35Cl NMR

signals gradually increased from 277.93 Hz to 471.18 Hz for ChCl, ChCl-Gly, while peak width at half height

of KCl in the inner-coaxial tube as the standard, keep constant of 18.46 Hz. This is because of the formation

of DESs makes the electric field gradient larger, which leads to the broadening of the peak of 35Cl. In addi-

tion, the introduction of GlcNAc increases the half-width of the chlorine signal of ChCl-Gly from 471.18 Hz

to 807.22 Hz. The broadening of this peak is due to the confinement of free Cl� ions and the decrease of its

mobility, which is in line with an interaction between Cl� ions and GlcNAc.

Figure 5. Effect of reaction time on intermediate and

3A5AF yield

Reaction conditions: 1 mmol GlcNAc, 2 mmol ChCl-

Gly-B(OH)3, 5 mL DMA, 140�C.

Figure 6. Trend of the chemical shift drifts of protons in 1H NMR with the different molar ratios

(A) ChCl-Gly to GlcNAc and (B) GlcNAc to ChCl-Gly. Conditions: DMSO-d6, 25
�C.
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Mass spectrometry analysis

In order to further determine the reaction intermediates and products, the reaction mixture from the reaction

promoted by ChCl-Gly-B(OH)3 was analyzed by negative-ion ESI mass spectrum. As shown in Figure S7, the

composition ofm/z 166 ion corresponds to the tri-dehydrated GlcNAc [M (GlcNAc)-3H2O-H]-, corresponds to

3A5AF. The signals atm/z 202.1 [M (GlcNAc)-H2O-H]- andm/z 184.1 [M (GlcNAc)-2H2O-H]- are Chromogen I

and Chromogen III obtained by GlcNAc dehydrating one or two molecules of H2O respectively. Besides, a

signal at m/z 220, which is corresponding to the deprotonated molecular ion of GlcNAc [M (GlcNAc)-H]-

(C8H14O6N
�), was also observed because of the easily ionization of the polyol structure of GlcNAc. The inter-

mediates and products assigned based on NMR could hence be confirmed by mass spectrometry.

Reaction pathway elucidation

It is commonly accepted that the dehydration reaction of GlcNAc first proceeds through a ring-opening to

form a linear isomer, but the subsequent key steps are still under debate (shown in Figure S6). Based on the
1H NMR chemical shift titration, 35Cl and DOSYNMR results, we suggest a reactionmechanism of the trans-

formation of GlcNAc under the promotion of DESs (shown in Scheme 2). Chloride interacts with the a-OH-3

and a-OH-4, and together with glycerol promote the removal of the first molecule of water from GlcNAc to

form intermediate I. Intermediate I then cyclize, under the action of chloride ions, to formChromogen I, and

additional water molecule is removed forming Chromogen III. B(OH)3 plays a key role in promoting the

further dehydration reaction of Chromogen III to generate 3A5AF, achieving selective regulation of the re-

action. Chromogen III and B(OH)3 form an unstable intermediate, Chromogen III-Boronate, and finally

3A5AF was obtained by the third dehydration step. Hence, the stepwise dehydration of GlcNAc was

achieved by the combined action of Cl�, glycerol and B(OH)3.

Figure 7. The 35Cl NMR spectra of ChCl, ChCl-Gly, GlcNAc: ChCl-Gly (1:1) and GlcNAc: ChCl-Gly (2:1) in DMSO-d6

at 25�C

Scheme 2. Proposed reaction pathways for the formation of 3A5AF from GlcNAc dehydration
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Conclusions

Choline chloride-based DESs were applied to promote the dehydration of GlcNAc to nitrogen-containing

compounds, in high yields and selectivity under mild reaction conditions. The conversion of GlcNAc to

Chromogen III or 3A5AF was achieved by altering the HBD part of DESs. ChCl-Gly promoted the dehydra-

tion of GlcNAc to produce Chromogen III, and themaximum yield was 31.1%. Themaximum yield of 3A5AF

was 39.2% using the ternary DES ChCl-Gly-B(OH)3. The reaction intermediates were detected by in situ

NMR experiments. 1H NMR chemical shift titration experiments showed that ChCl-Gly interacted with

OH-3 and OH-4 of GlcNAc. DOSY and 35Cl NMR experiments confirmed the complexation between

B(OH)3 and GlcNAc and the interaction between Cl� and GlcNAc. This work supports the theoretical study

of the conversion of chitin monomer GlcNAc dehydration promoted by DESs. It also provides a new

scheme for efficient and green synthesis of nitrogenous chemicals.

Limitations of the study

In this work, we designed and prepared several DESs to promote the conversion of GlcNAc to selec-

tivity produce nitrogen-containing fine chemicals. This confirmed that DESs could promote the conver-

sion of chitin biomass and achieve the regulation of the reaction. However, this is only the study of

chitin monomer conversion in the laboratory, rather than the direct use of marine biomass resources

such as shrimp, crab shells, etc. In addition, the understanding and study of the reaction mechanism

still need to be further deepened. However, these works need to be improved and are being investi-

gated by our group.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Yingxiong Wang (wangyingxiong@tyut.edu.cn).

Materials availability

This study did not generate new unique reagents.

GlcNAc, choline chloride (ChCl), ethylene glycol and 1,3-butanediol were purchased fromAladdin Co., Ltd.

Dimethyl sulfoxide-d6 (DMSO-d6, 99.9% atom D) was provided by Qingdao Teng Long Microwave Tech-

nology Co. Ltd. B(OH)3, pyrazine and glycerine (Gly) were purchased from Sinopharm Chemical Reagent

Co., Ltd. N-methyl-2-pyrrolidone (NMP), N, N-dimethylacetamide (DMA), dimethyl sulfoxide (DMSO)

and N, N-dimethylformamide (DMF) were purchased from Macklin Chemical Reagent Co., Ltd. All the

chemicals were used without further purification.

Data and code availability

d This study does not generate new unique reagent.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper can be obtained from

the lead contact upon request.

METHOD DETAILS

General procedure for the DESs preparation

To prepare the DESs, HBA ChCl and HBDs (ethylene glycol, 1,3-butanediol, glycerin, B(OH)3) with a molar

ratio of 1:1 was added in a round bottom flask and heated to 80�C in an oil bath under stirring until a ho-

mogeneous liquid was formed. Ternary DESs, were prepared by choline chloride, B(OH)3 and glycerol in

the ratio of 1:1:0.5 according to the above steps. The prepared DESs were dried in a vacuum oven at

80�C for 12 h. These DESs are abbreviated as ChCl-ethylene glycol, ChCl-1,3-butanediol, ChCl-Gly,

ChCl-B(OH)3, ChCl-Gly-B(OH)3.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

N-acetyl-D-glucosamine Aladdin (China) Cat#7512-17-6

Ethylene glycol Aladdin (China) Cat#107-21-1

1,3-Butanediol Aladdin (China) Cat#107-88-0

DMSO-d6 QingdaoTengl (China) N/A

boric acid Sinopharm Chemical Reagent (China) Cat#10043-35-3

pyrazine Sinopharm Chemical Reagent (China) Cat#290-37-9

glycerol Sinopharm Chemical Reagent (China) Cat#56-81-5

N-methyl-2-pyrrolidone Macklin Chemical Reagent (China) Cat#872-50-4

N, N-dimethylacetamide Macklin Chemical Reagent (China) Cat#127-19-5

Dimethyl sulfoxide Macklin Chemical Reagent (China) Cat#67-68-5

Choline chloride Aladdin (China) Cat#67-48-1

N, N-dimethylformamide Macklin Chemical Reagent (China) Cat#68-12-2
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General reaction procedure

The preparation of nitrogenous chemicals by the dehydration reaction of GlcNAc was carried out in a round

bottom flask heated in an oil bath. In a typical procedure, 1 mmol GlcNAc and 2 mmol DESs were added to

5 mL solvent. Then the mixture was heated and stirred using a magnetic stirrer at a defined temperature.

After a certain reaction time, 0.1 mL of reaction mixture was taken out and immediately cooled in an ice

bath to quench the reaction. This sample was used for analysis.

Recycling of the DESs

We refer to the method of DES treatment and recovery in the literature to conduct a recycle experiment,

and the specific process is as follows48: an equal amount of water was added to the reaction mixture and

extracted three times with ethyl acetate. The water in the mixture was completely removed on a rotary

evaporator at 100�C, and then add the reaction solvent for the cyclic reaction.

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). The NMR parameters for 1H measurements were: pulse program for

acquisition, zg30; AQ, 4.09 s; D1, 1.0 s; DS, 2; NS, 16. The product yields were evaluated by quantitative
1H NMR spectra (1H qNMR) (pulse sequence: zg, relaxation delay: 15 s, number of scans: 16). Pyrazine

(0.3 mg mL�1) was prepared in DMSO-d6 and used as a standard solution for the 1H qNMR measurement.

The 1H qNMR sample was prepared by mixing 0.10 mL of reaction mixture and 0.4 mL of standard solution.

Based on the 1H qNMR spectra, the yields of products were calculated as:

yield=
moles of product

moles of GlcNAc
� 100%

The 35Cl NMR spectra were obtained at frequency of 39.20 MHz, with the following pulse program: zg;

acquisition time, 0.42 s; relaxation delay time, 0.1 s; scans, 2048. DOSY experiments were carried out

with the Bruker standard bipolar pulse longitudinal eddy current delay (BPPLED) pulse sequence at 25�C
and at a gas flow rate of 400 lph without sample spinning. In order to acquire 2–5% 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 recovery was 0.2 ms. The gradient

strength was incremented in 16 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. The reaction mixtures were further

qualitatively identified by the negative-ion ESI mass spectrum on a Waters Xevo G2-XS QTOF high reso-

lution mass spectrometer.
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