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Hydrothermal Conversion of N-acetyl-D-glucosamine to 5-Hydroxymethylfurfural
Using lonic Liquid asa Recycled Catalyst in a Water-Dimethyl Sulfoxide Mixture
Hongjun Zand! Songbai YuPengfei Yu, Hongying Ding, Yannan Du, Yuchan Yang,
Yiwen Zhang

State Key Laboratory of Hollow Fiber Membrane Matksrand Processes, Department
of Environmental and Chemistry Engineering, Tiarifialytechnic University, 300387
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ABSTRACT

Here, N-acetylb-glucosamine (GIcNAc), the monomer composing thesd most
abundant biopolymer, chitin, was efficiently corteer into 5-hydroxymethylfurfural
(5-HMF) using ionic liquid (IL) catalysts in a watdimethyl sulfoxide (DMSO)
mixture solvent. Various reaction parameters, idiclg reaction temperature and time,
DMSO/water mass ratios and catalyst dosage werneniaptd. A series of ILs with
different structures were analyzed to explore timpact on GIcNAc conversion. The
substrate scope was expanded from GIcNA®-4glucosamine, chitin, chitosan and
monosaccharides, although 5-HMF vyields obtainedmfr@olymers and other
monosaccharides were generally lower than thosen f@&icNAc. Moreover, the IL
N-methylimidazolium hydrogen sulfate ([Hmim][HQD exhibited the best catalyst

performance (64.6% yield) when GICNAc was dehydtatea DMSO/water mixture at
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180C for 6 h without the addition of extra catalysks.summarize, these results could
provide knowledge essential to the production dtialale chemicals that are derived

from renewable marine resources and benefit bieklated applications.

Key words: 5-Hydroxymethylfurfural, N-Acetyl-D-glucosamine,lonic liquid,

Dehydration, Hydrothermal Conversion

1. Introduction

The decrease in fossil resources has caused sammrgy issues. As the most
abundant, green, and renewable resource in thedwoidbmass can be considered a
suitable alternative to fossil fuels and can beduie the production of fuels and
various chemicals.The biomass relates mainly to cellulose, hemitmske, lignin and
chitin, the catalytic conversion of cellulose anldcgse has been comprehensively
studied® Treating cellulose and glucose over acid catalyglds a series of
dehydration products, such as 5-hydroxymethylfatfs-HMF) and levulinic acid
(LeA).>® 5-HMF has been recognized as important versatitiiogpm compound for the
synthesis of a broad range of new products as agelfor the replacement of fossil
resources-derived fuels and chemicals, including 5-d#ormylfuran,
2,5-furandicarbaldehyde, 2,5-furandicarboxylic acid and importantly,
2,5-dimethylfurarf:’

Aside from cellulose and glucose, chitin biomasstliie text, this refers to chitin,

chitosan, and their corresponding monomers andateres) is also a suitable starting



material for furan derivatives such as 5-HMF. Hoerm\there are few reports on the
conversion of chitin biomass into furan derivativBgcently, Yan and Chérproposed
the concept of shell refineryhereby crustacean shells are separated into ehffer
fractions, and each fraction is upgraded or transtal into value-added products.
Chitin is the second most plentiful biopolymer arth, which is generated at a rate of
about 100 billion tons every ye&rTherefore, efficient methods to convert chitin
biomass into valuable compounds are of great impod. Recently, Sn&EbH,O was
found to effectively catalyze the chitosan conwansinto 5-HMF 10.0 wt.% vyield in
water under microwave irradiatioh.A limitation was that the 5-HMF yield was very
low, whereas no 5-HMF was obtained from chitin. Alternative transformation
strategy was proposed by Hou and co-workers whiaedi concentrated Zngsolution
as the reaction solvenfter optimization* 5-HMF could be obtained from chitin
biomass (GIcNKH 21.9%, GIcNAc 2.8%, Chitin 9.0%, Chitosan-1K 12,8%
Chitosan-5K 12.2%Chitosan-50K 8.0%, Chitosan-100K 8.6%, and Chite€4DOH
9.2%) using a concentrated ZaGlqueous solution, and this result indicating*Zn
promoted 5-HMF formation occurred by interactionttwthe amino group on the
substrate.Under hydrothermal conditions, chitosan was comerinto 5-HMF in
diluted HSO,,” obtaining a 12.1 wt% yield at 12€ in 2.2 wt% HSQ; solution after
37 min. Chen et df reported that GIcNAc, as chitin monomer, can beveded into
3-acetamido-5-acetylfuran through pyrolysis at higgmperatures and microwave

irradiation, obtaining 2% and 62% vields, respeativWang et at® reported that



GIcNAc and b-glucosamine can be degraded to 5-HMF in subctitreater. These
studies showed that chitin biomass has the potetatibe a renewable feedstock for
5-HMF. However, the catalysts used in these studie® poisonous and the 5-HMF
yield was very low. Therefore, efforts should belaga to investigate efficient ways to
transform chitin biomass into 5-HMF.

Very recently, our team screened nine acidic ILthwlifferent cations and anions;
the acidity, hydrogen-bonding capacity and stenmcfance of ILs exhibited combined
influences on the reaction. N-Methyl imidazoliumdnygen sulfate ([Mim]HSO4)
afforded the highest 5-HMF yield of 29.5% from dsé&n and 19.3% from chitin at 180
°C after 5 h* The 5-HMF yield was the highest from chitin andtatan among
literatures reported to date. The IL [Hmim][H8Qused as both a green solvent and
catalyst, exhibited good solubility and catalytierformance for the conversion of
chitosan and chitin. These studies demonstratedetsbility of converting chitin and
chitin derivatives into 5-HMF. However, the high&sHMF yield directly from chitin
was 19.3% is still low. Continued research is herespiired in order to develop an
efficient and economically feasible 5-HMF produatiarocess from chitin biomass.

Dehydration of hexoses in an aqueous solution letdsexcessive solids
formation>*®1t is believed that the solids are in the literatknown as ‘humins* The
solids behave and look like tar, a black oily minsg adheres to surfaces, and avoiding
precipitation and formation of these is crucial fodustrialization. Solvents such as

DMSO can reduce humin formation drastically by potihg the hexose from



degradation. Thus, DMSO, which has been previoaslged to reaction systems to
suppress undesired side reactions, can be usedtlasaldehydrating agent and as a
solvent. Roman-Leshkov et dlshowed that DMSO both suppressed the formation of
condensation by-products and hampered 5-HMF rehligdrdby lowering the overall
water concentration. However, the presence of watghis reaction system is also
essential. Cao et #.reported that an enzyme mimicking an ammoniumrpetycould
be used as a single catalyst in the dehydratiartiogeof glucose to 5-HMF. Their study
showed that the presence of water in the systenbloak the pathway for anhydrosugar
formation and push the reaction toward 5-HMF foiorat Moreover, the presence of
water in the system also suppressed the side oeacesulting in the formation of
2,5-diformylfuran (DFF) and FA. In a DMSO/water waht mixture, the dipolar aprotic
solvent dramatically broke hydrogen bonds—restiéd pointed to a promising binary
mixture solvent?

Based on the aforementioned results, mixtures ofSDMVand water are used as
reaction solvent. We investigated whether similansformations would be able to
produce 5-HMF from chitin/chitosan monomers. Welesgd the correlation between
monomer and copolymer degradation during Hydrotlaécanversion (HTC) processes
as a helpful tool for screening appropriate catalyier chitin biomass degradation.
GIcNAc was chosen for the study of this convergiomcess because it is the monomer
composing chitin. Efficient conversion of chitinfidsan monomers to 5-HMF is a key

step for using chitin/chitosan to produce liquicel&i and value-added chemicals.



Accordingly, this contribution presents a full anob of our study towards the above
central objective.
2. Materials and Methods
2.1. Materials

GIcNAc and N-methylimidazole were purchased frommjey Xiezun Chemical
Co., LTD (Nanjin, China). 5-HMF (purity > 97%) wagsurchased from Heowns
Biochem Technologies LLC (Tianjin, China). MethafidPLC grade) and ethyl acetate
(AR grade) were purchased from Tianjin Kermel CleahReagent Co., Ltd. Vitriolic
acid, phosphoric acid, hydrochloric acid, and aitacid were purchased from Tianjin
chemical reagent No. 5 plant (Tianjin, China). Ather chemicals were supplied by
local suppliers and used without further purifioati
2.2. Synthesis of ILs

Brgnsted acidic [Hmim][HSE, [Hmim][H POy, [HMIim][NO3], and [Hmim][ClI]
were synthesized in our laboratory via a neutrdbmareaction and developed on the
basis of a previous repdft?? Sulfuric acid (50% w/w) was added in a 1:1 mokstiar
with 1-methylimidazole over a period of 30 min wshrring and cooling to maintain
the temperature at@©. The reaction mixture was stirred for an addaigmeriod of 2 h.
Then, water was removed under reduced pressureield the colorless liquid
[HMIim][HSO4). The crude product was washed several times wdigtthyl ether to
remove non-ionic residue and then vacuum drie®foh under 8. [Hmim][H.PQy,

[Hmim][NOg], and [Hmim][CI] were synthesized using similappedures. Additionally,



4,5-dimethylthiazole hydrosulfate ([TM][HS{) and 2-isobutylthiazole hydrosulfate
([TB][HSO,]) were prepared by neutralization reactions. Thgndimethylthiazole (or
2-isobutylthiazole) was combined with sulfuric a¢% w/w) in a 1:1 molar ratio and
refluxed for 12 h3%*HTB] HSO, was synthesized in our laboratory and developed on
the basis of a previous rep6it.These ILs are air-stable, hydrophilic, and their
physicochemical properties have been studied.
2.3. Classical procedure for the catalytic conversof GIcNAc into 5-HMF

GIcNAc (100 mg, 0.452 mmol) was added into a misatvent composed of
DMSO (8 g) and deionized water (12 g) in a 50 ndirdess steel vessel with a Teflon
lining and sealed by a screw cap. Different amowftf_s with different structures,
used as catalysts, were loaded into the reacten,Tthe reactor was then immersed into
a preheated oil bath, and the reaction mixtureestifor a given time. Time zero was
recorded when the reactor was immersed into theepted oil bath. The clear solution
darkened gradually over time. After the scheduiextthe reactor was taken out from
the oil bath and immediately submerged in an iceewbath to quench the reaction.
Then, the reaction mixture was taken out and &Hewith filter paper to remove
insoluble humin polymer. Afterwards, 1 mL of theaction mixture was diluted with 5
mL of methanol in a volumetric flask. This dilutedlution was then taken out, filtered
through a 0.22um PTFE filter, and injected into a glass tube. BREMF yield was
determined by high performance liquid chromatogyagHPLC) of these aqueous

solutions, using a standard curve (Fig.S1, Supphang material) in order to quantify



the amount. 5-HMF yields were calculated as shoglovin
5-HMF yield [%] = Mole amount of 5-HMF/Mole amouaotf starting GICNAc x 100

All experiments were performed at least in triplesa the range of experimental
errors for the HPLC analysis was +1%.
2.4. Analysis of the products

Quantitative and qualitative analyses of 5-HMF weeeformed by HPLC and gas
chromatography and mass spectrometry (GC-MS). Tmeeantration of 5-HMF was
analyzed using HPLC instruments (LC3000, Beijingu&igxin Tongheng Science and
Technology Co., Ltd.), equipped with a reversedspial8 column (250 mm x 4.6 mm)
and an ultraviolet detector at 284 nm. The moblage consisted of methanol and
water (23:77 viv) with a flow rate of 0.5 mL/minoldmn temperature was maintained
at 30 °C with an injection of L. Additionally, we used GC-MS to determine the
structure of the product. The GC-MS analysis wadopaed using the Bruker
SCIONSQ/436-GC system equipped with a 30 m x 0.25 m0.25um HP-5 MS
capillary column. Helium was used as the carriex @faa linear velocity of 1.0 mL/min.
The injector temperature was maintained at Z20and the oven temperature was
programmed to start at ®D (2 min), increasing in intervals of T&min until a
temperature of 23@ was obtained. This temperature was then mairdaioe6 min.
Mass spectrometric measurements were performed esactron impact ionization at
70 eV and a scan range of m/z 50-500, at a rafiesmfan/s. GC-MS analysis result is

shown in Fig.1.



5-HMF was separated by silica gel column chromaplgy with eluent of
petroleum ether and ethyl acetate with proportibh: d. *H and**C NMR spectra of the
isolated 5-HMF was identifiedhe *H and**C NMR spectra of the isolated 5-HMF are
given in Supplementary material.
3. Resultsand discussion
3.1 The characterization of lonic liquids

The'H NMR spectra and HPLC-MS spectra images of iowjuidls are given in
Supplementary material.

1-methylimidazolium hydrosulfate, [Hmim][HSD *H NMR (400 MHz, DO,
ppm) 68.55 (s, 1H, CH)p 7.33 (s, 2H, CH)p 3.82 (s, 3H, Ch). Anal. Calcd. for
C4HgO4N,S: C 26.66; H 4.48; N 15.55; S 17.80; Found: C 26 4.50; N 15.51; S
17.84.

1-methylimidazolium dihydric phosphate, [Hmim}PQy], *H NMR (400 MHz,
D,0O, ppm)d8.56 (s, 1H, CH)$ 7.36 (s, 2H, CH)$ 3.84 (s, 3H, Ch). Anal. Calcd. for
C4HoO4 N2P: C 26.68; H 5.04; N 15.55; Found: C 26.71; H 5N245.54.

1-methylimidazolium nitrate, [Hmim][Ng, 'H NMR (400 MHz, DO, ppm)
38.60 (s, 1H, CH)$ 7.39 (s, 2H, CH)$ 3.88 (s, 3H, Ch). Anal. Calcd. for GH;O3N3:
C 33.11; H 4.86; N 28.96; Found: C 33.14; H 4.828\02.

1-methylimidazolium hydrochloride, [Hmim][CIfH NMR (400 MHz, BO, ppm)
88.59 (s, 1H, CH)$ 7.37 (s, 2H, CH)$ 3.85 (s, 3H, Ch). Anal. Calcd. for GH;N.CI:

C 40.52; H 5.95; N 23.63. Found: C 40.53; H 5.923\61.



4,5-dimethylthiazolium hydrosulfate, [TM] HSO'H NMR (400 MHz, DO, ppm)
89.47 (s, 1H, CH)$2.35 (s, 3H, Ch), 62.33 (s, 3H, Ch). Anal. Calcd. for GHgOsNS,:
C 28.43; H 4.29; N 6.63; S 30.36; Found: C 28.44.27; N 6.70; S 30.31. MS (ESI,
m/z):114.0385 [M - HSQy]

2-isobutylthiazolium hydrosulfate,[TB] HSO'H NMR (400 MHz, BO, ppm)
§7.92 (d,J = 4 Hz, 1H, CH)37.79 (d,J = 4 Hz, 1H, CH)53.05 (d,J = 4 Hz, 2H, CH),
$3.05 (d,J = 4 Hz, 2H, CH), 51.94-2.04 (m, 1H, CH)0.823 (d,J = 6.8 Hz, 6H, CH).
Anal. Calcd. for GH1304NS,: C 35.13; H 5.48; N 5.85; S 26.80; Found: C 35HO;
5.49; N 5.83; S 26.82. MS (ESI, m/z):142.0708 MHSQ;]

4,5- dimethyl-3-(4-sulfonic acid butyl)thiazoliumydirosulfate ,>°*{TB] HSO,,
'H NMR (400 MHz, RO, ppm)89.51 (s, 1H, CH)$84.33 (t,J=7.2Hz,2H,CH), §2.83 (t,
J=7.6 Hz, 2H, CH), 52.34 (s, 3H, Ch), 52.33 (s, 3H, Ch), 51.89-1.97 (m, 2H, C}),
61.63-1.71 (m, 2H, Ch. Anal. Calcd. for GH;;O/;NS;: C 31.11; H 4.93; N 4.03; S
27.69; Found: C 31.12, H 4.90, N 4.03, S 27.66.
3.2 Catalytic conversion of GIcNAc into 5-HMF byrieas ILs

In the present study, we studied the effects offedifit ILs, including
imidazolium-type and thizolium-type ILs on GlcNAorversion. Seven different ILs
were used in combination with various cations andrss, that is, [Hmim][HSE),
[Hmim][H.PQy)], [HmMIimM][NO3], [Hmim][CI], [TM][HSO,, [TB][HSO4, and
SOMTB][HSO,]. The control experiment was carried out in DMS@¥ev without a

catalyst, where a 10.1% 5-HMF yield was observeabl@ 1, entry 1). When sulfuric
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acid (equal molar amounts of GIcNAc) was used eatalyst, a 23.7% yield of 5-HMF
was obtained. As shown in Table 1, ILs showed r&atde effects on the conversion of
GIcNAc into 5-HMF. Different types of ILs have agsificant influence on the 5-HMF
yield (Table 1, entries 4-10). [Hmim][HS§Pwas found to have the best catalytic
performance on the conversion of GICNAc with 5-H{AI5.2% yield) (Table 1, entry 4).
Compared to the findings for sulfuric acid, it walsserved that the [Hmim] cation
promotes the conversion of GIcNAc into 5-HMF.

The anions in the IL were also found to have aquodl effect on reactivity. The
incorporation of an HS©Ocounter ion (within the IL) proved to be necessargrder to
obtain significant quantities of 5-HMF. Low vyieldd 5-HMF were obtained when
phosphate, nitrate, or chloride ILs were used amtey ions (Table 1, entries 5-7).
When the reaction was catalyzed by using excesarisuacid and®?*H{TB][HSO,] as
catalysts, there was no formation of 5-HMF (Tableritries 3,10). Additionally, results
show that the acidity of the reaction system map dlave a remarkable effect on the
yield of 5-HMF. Addition of acid facilitates forman of 5-HMF and increases
selectivity, the ratio between product and by-paidis improved due to higher yield of
product; However, 5-HMF rapidly degrades as thdigcof the solution increases, the
yield is decreased due to decomposition of 5-HMbt. this reason, the ionic liquid

[Hmim][HSO4] was employed for subsequent experiments.

3.3 Catalytic conversion of GIcNAc into 5-HMF und@rious reaction conditions

Various reaction parameters such as reaction tesyerand time, DMSO/water
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mass ratio, and catalyst dosage showed a remarldiglet on the dehydration of
GIcNAc to 5-HMF.
3.3.1 Effect of the different mass ratio of the MM&ater on the conversion of GIcNAc
into 5-HMF

As shown in Fig. 2, we found that differences in &®/water mass ratio had a
significant influence on 5-HMF yields. In the absef DMSO, 5-HMF yields in water
were found to be 35.8%. However, when 40 wt.% of 3Mwas used, 5-HMF yields
increased from 35.8% to 52.4%. When the reactioa earied out only in DMSO,
5-HMF vyields dropped to 8.9%. This suggests thatrtfixture of DMSO/water plays a
key role in the process of conversion of GlcNAcoirg-HMF. Our results were
consistent with previous results, where it was &smd that appropriate water content
in the system had a remarkable effect on 5-HMFdgi&l It would be helpful to
elucidate the mechanism underlying the positivea$ of water and DMSO on the
transformation of GIcNAc into 5-HMF. On one hante tpresence of water in this
system blocks dehydration of GIcNAc and pusheséhetion toward 5-HMF formation
in the deamination of GIcNAE On the other hand, the existence of DMSO in the
reaction system can also inhibit undesired sideti@as. Similar studies have indicated
that DMSO favorably shifts the equilibrium of thate-determining step of 5-HMF
production and inhibits acyclic reaction sequentiest may lead to undesirable
intermediated’ Interestingly, it was observed that 5-HMF vyieldsncdecrease on

increase in the DMSO content in water (Fig.2). Rney research had revealed that
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DMSO exhibits its maximum association with waterl@sales when its content in
solution is 66-7096° However, our results showed the best DMSO/watessmatio
was 8:12 for an effective conversion of GIcNAc ibt¢t1MF.
3.3.2 Effect of the reaction temperature on theveosion of GICNAc into 5-HMF

The effects of reaction temperature on substrateversion and 5-HMF yields
were evaluated. The conversion reaction of GIcNA&HMF was more effective at
180C than at 15, 160C, 170C, 190C, and 20QC (Fig. 3). 5-HMF yields increased
gradually before 18C and then slowly decreased. There is evidenceestigg that the
activation energy for the formation of 5-HMF is heg than the activation energy for
5-HMF disappearancg; therefore, it is expected that 5-HMF concentratigould
increase with increase in temperature. On the dthed, temperature increases will
generate more by-products and insoluble humins.réidts showed that 1&was the
most appropriate temperature for the conversio@loNAc to 5-HMF. Based on these
results, the reaction temperature was maintainddB@tC in order to further optimize
the reaction conditions.
3.3.3 Effect of the reaction time on the conversib&IcNAc into 5-HMF

We studied the relationship between reaction time 3HMF yields, which are
presented in Fig.4. Experiments were carried o, & 5, 6, 7, and 8 h. As shown in
Fig.4, reaction times showed remarkable effectstran conversion of GIcNAc into
5-HMF. 5-HMF vyields increased gradually before 6ahd then slowly decreased.

Maximum 5-HMF vyields (52.4%) were obtained at 6 thg percentage slightly
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decreased to 48% after 8 h. 5-HMF yields decre&sed 6 h to 8 h, indicating that
5-HMF was not stable at 18Q for prolonged periods of time. In this catalygigstem,
6 h appears to be the most appropriate reactiomtnobtain significant 5-HMF yields.
3.3.4 Effect of amount of ionic liquid and hydrathal conditions on the conversion of
GIcNAc into 5-HMF

Under the same reaction temperature and timesefteet of IL dosage on the
conversion of GIcNAc into 5-HMF was investigatedy.F’> shows that variations in the
concentration of [Hmim][HSgG) affect the conversion of GIcNAc into 5-HMF. IL
dosage also showed a significant effect on 5-HMidgl. 5-HMF yields increased with
increases in [HMim][HSEY/GICNAc molar ratios, varying from 5 to 30. A 326yield
was obtained within 6 h at 18G when the [HmMim][HSGJ/GIcNAc molar ratio was 5.
Furthermore, 5-HMF yields increased to 52.2%, 56.@#d 64.6% when using 10, 15,
and 20 of [Hmim][HSQ/GIcNAc molar ratios, respectively. This increase5-HMF
yields with increasing catalyst dosages (at the esagaction time points) can be
attributed to increases in the availability and bemof catalytically active sites.
However, 5-HMF vyields decreased with increasing amt® of [Hmim][HSQ], ranging
from 20 to 30 [Hmim][HSQ/GIcNAc molar ratios. One possibility is that hightalyst
loading not only accelerates the conversion of @Gichhto 5-HMF but also promotes
other side reactions such as the rehydration oMB-lhto LA and cross-polymerization
reactions;” which result in lower 5-HMF yields. In the presémvestigation, LA was

not observed.
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In addition, the effect of hydrothermal conditiowss studied. Under the same
reaction parameters (reaction time and temperatatelyst loading, and solvent), the
reaction was refluxed in a preheated oil bath withoydrothermal conditions (Table 2,
entry 1). During refluxing at atmospheric pressuve, put a thermometer into boiling
flask-3-neck and the thermometer was placed belwvlijuid surface, under these
conditions, a low yield of 3% was obtained. Howewvdren the reaction was carried out
in a 50 mL stainless steel vessel with a Teflomdrand sealed by a screw cap, a 44%
yield was obtained (Table 2, entry 2). This reshlbws that reaction pressure is also a
critical factor in the conversion of GICNAc intoFEMF.

3.4 [Hmim][HSQ] catalyzed the conversion of other carbohydratée b-HMF

Other chitin biomass substrates such as glucosamym®chloride (GIcNH HCI),
chitin, and chitosan, in addition to several cagubshtes, were also tested in this ionic
catalytic system to determine 5-HMF conversion dgel(Table 3). The direct
preparation of 5-HMF from these less-expensive easily available biopolymers is
essential for expanding the substrate scope. Utdesame conditions, GICNHHCI
conversion to 5-HMF produced a 54.9% vyield. It d&aro reason that monomers
(GIcNAc and GIcNH) are easier to convert into 5-HMF than copolyn{elstosan and
chitin). This may be due to strong intra- and imtelecular hydrogen bonds between
—OH, —NH, and —NHAc groups found within chitin and chitoséimereby hindering
chitin and chitosan dissolution and subsequent @@ into 5-HMF. The IL

[HmIim][HSO,4] is not an effective catalyst for the dissolutiohthe glycosidic bonds
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found within chitin and chitosan. As a result, 5-HNields roughly decreased as the
molecular weight of substrates increased. Tableo®pares the results of 5-HMF
production from chitosan, chitin, GlcNHand GIcNAc. This study was able to achieve
high 5-HMF yields derived from chitin biomass undetimal conditions.

Other carbohydrates (glucose, D-fructose, rhamndsetose, D-galactose,
D-mannose) were also tested (Fig. 6). D-fructoselypeced a 57.7% vyield of 5-HMF.
Comparing the results for glucose and fructose shlothat the decreases in 5-HMF
yields were presumably due to slower glucose cameras compared with fructose

conversiorf®

3.5 A possible reaction pathways for GIcNAc dehiydrain binary systems

Reaction pathways for the dehydration of GIcNAc oinb6-HMF using
[Hmim][HSO,4] IL as catalyst in DMSO/water mixture systemsaatted our attention.
To obtain a better understanding of GIcNAc dehydrapathways, HPLC-MS spectra
were used to monitor this process. As shown inddgSupplementary material. Att=1
h, a -NHAc group was removed from the cyclic forrh GIcNAc, forming an
enol-intermediate (M = 162.05). At 3 h, 5-HMF (M £26.03, 127.04 - B was
observed. When the reaction proceeded for 5 hHIREC-MS spectrum showed the
complete disappearance of the enol-intermediate=(N162.05) peak. A very small
amount of GIcNAc was still exist,
4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-cartbehyde was the major

by-product in reaction. In addition, the compounadh high molecular weight were not
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observed in aqueous solution. During this time,5HéMF peaks became increasingly

stronger.

In previous studies, Khokhlova etZldeveloped an efficient NMR approach with
characterizing molecular transformations of the vewsion of carbohydrates to
5-hydroxymethylfurfural in IL systems. A detailetlidy of the key sugar units involved
in the biomass conversion process has shown thatithple dissolution of fructose in
the ionic liquid 1-butyl-3-methylimidazolium chlae significantly changes the
anomeric composition and favors the formation @& tpen fructoketose form. Their
results reveal previously inaccessible mechandiails of native-state IL systems at
the molecular level. It is likely that the mechamifor this reaction (Fig. 7) has much in
common with previously studied fructose and glucdsbydration processes. As the
first step, dissolution of GIcNAc in this catalysystem leads to a disruption of
hydrogen bonds between sugar molecules, and newmdmsml bonds are formed though
the coordination of Hin HSQ; and imidazolium cations of IL with —OH groups. Tihe
H"and electron-rich aromatic imidazolium cations lftatie the ring-opening reaction to
form the open chain aldose. In the second stepgetiwd-intermediate is formed by
isomerization. Next, the formation of a five-mendxerring and cyclic compounds,
which are key intermediates in the conversion pecare obtained. The third step is
the removal of a -NHAc group from the cyclic compds, forming the
enol-intermediate (M = 162.05) once again. FinalytHiMF is formed through the

acidic hydrolysis from 4-hydroxy-5-hydroxymethyB4dihydrofuran-2-carbaldehyde.
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The usual byproducts observed in this biomass gsiore i.e. LeA and FA, were not
detected by HPLC-MS. The HPLC-MS provided evidencesustain the proposed
mechanism.
3.6 Recycling experiments

Catalyst recycling is an important goal in termgaden and sustainable chemistry.
Thus, the reusability of the catalyst [Hmim][H3@vas studied (Fig. 8). The conversion
of GIcNAc into 5-HMF was used as the model reagtexperiments were carried out at
180C for 6 h in a DMSO/water mixture and using [Hmir§Oy] as the catalyst. After
the reaction, most of the 5-HMF in the agueoustsmiuvas removed by ethyl acetate
extraction until no 5-HMF was detected in the ethgktate. The water found in the
agueous phase was completely removed through vaewamoration. The remaining
[Hmim][HSO, and DMSO were used directly in the next run byiag a fresh
GIcNAc sample and water under the same reactioditons. This processes was
repeated 5 times, obtaining 5-HMF vyields of 63.8%8%, 57.4%, 54.5%, and 51.8%,
respectively. The loss of catalytic activity wasspibly due to mass loss during the
recycling procedure. Therefore, it can be concluthed the catalyst was stable in this
system, and has potential applications for largdesindustrial synthesis.
4. Conclusion

For the first time, direct conversion (producinggthiyields) of GICNAc into
5-HMF was achieved via hydrothermal synthesis ira@dic IL aqueous solution. The

conversion method depends on a DMSO/water mixtatalyzed by [Hmim][HSG].
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GC-MS and HPLC analyses showed 5-HMF as the masdyat, with undetectable
levels of byproducts such as LeA (except huminsghlilghting high yields and
selective reaction. This is a proof-of-principledy that GIcNAc can be hydrolyzed to
obtain useful chemical building blocks. The catalgystem was effectively recycled
five times. This system has great potential fogdascale 5-HMF production. The
method described herein should be valuable toit@teil cost-effective conversion of
renewable marine resources into biofuels and bseth@roducts.
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Table 1
Effect of sulfuric acid and different ionic liquids the conversion of the GIcNAc into

5-HMF under hydrothermal conditiofis

Entry catalyst structure 5-HMF vyield [%)]
1 No catalyst 10.1+0.9
2 H,S0Oy(44.31mg) o 23.7+1.3
HO-S-OH
0
3 H,SOy(443.02mg) o trace
HO-S-OH
0
4 [HMIim][HS Oy + H 45.2+2.9
N _
q Y Hso,
I
5 [Hmlm][H2P04] + H 19.6+2.2
N \
q Y H,PO,
I
6 [HMIim][NOg] + H 15.1+3.3
N _
4/7N Y NO;
I
7 [Hmim][CI] + H 5.5+1.3
N
[ Pel
N
I
8 [TM][HSO4] H 19.242.2
DRty
S
9 [TB][HSO] + H 28.7+1.2
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10 SO3FITB] HSO, SO,H trace

e
| \\ HSO,
&

4 The reaction conditions: GIcNAc (100 mg), the Wish GIcNAc in a 10:1 molar ratio,

distilled water, 12g; DMSO, 8g; reaction temperatr80 °C; reaction time, 5 h.
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Table 2

The effect of reaction pressure on the conversidaleNAc into 5-HMP

Entry  Solvent Temperatur€l) Time(h) Reaayst 5-HMF yield [%]
1° Water 169 DMSO 4g 180 6 10 3.0+1.3
2 Water 16g DMSO 4g 180 6 10 44.0+4.4

& Reaction conditions: GIcNAc, 100 mg; [Hmim][Hg(0813mg ; reaction temperature,
180 °C, reaction time, 6 h.cRays= the molar ratio of [Hmim][HSE) / GIcNAc
® It wasimmersed in a preheated oil bath heated at@&hd carried out atmospheric

pressure reflux for 6h.
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Table 3

Comparison of 5-HMF production from other chitirolmass substrates such as chitin,

chitosan D-fructose and GIcNAcC

Y 5-HMF
Materials Reaction conditions
Reference This wofk
Chitin microwave irradiation , 100 mg ND 10 25 7mol%
chitosan in 15 mL water, 0.12 mmol
Chitosan 10.0 wt%*° 34.7 mol%
SnClL-5H,0 ,200°C, 30 min
GIcNH,- HCI 21.9 mol%™ 54.9 mol%
1 g substrate in 30 g 67 wt.% ZnCl
solution, 120C, 90 min
GIcNAc 2.8 mol%!t 64.6 mol%

ND not detected

 Reaction conditions: carbohydrate (100 mg),the iiHJiHSO,4] with carbohydrate in a

20:1 molar ratio, distilled water, 12g; DMSO, 8gaction temperature, 180; reaction

time, 6 h.
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Fig.1. Experiment GC-MS of the 5-HMF
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Fig.2. Effect of the different mass ratio of the BM/water on the conversion of
GIcNAc into 5-HMF under hydrothermal conditions.g&on conditions: GIcNAc, 100

mg; [Hmim][HSQy, 4.516mmol ; reaction temperature, 180 °C.
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Fig.3. Effect of reaction temperature on 5-HMF prottbn under hydrothermal
conditions. Reaction conditions: GIcNAc, 100 mgstiled water, 12g; DMSO, 8g;

[HMIm][HSO,4], 9.040mmol; reaction time, 6 h.
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Reaction conditions: GIcNAc, 100 mg; distilled wate2g; DMSO, 8g; [Hmim][HSE],

4.516mmol; reaction temperature, 180
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Fig.5. Effect of the ionic liquid dosage on the eersion of GICNAc into 5-HMF under
hydrothermal conditions. Reaction conditions: GIaNAOO mg; distilled water, 12g;

DMSO, 8g; reaction temperature, 180 reaction time, 6 h.
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Fig.6. Conversion of several carbohydrate into 5fHbMe [Hmim][HSQ)] as catalyst.
Reaction conditions: carbohydrate,100 mg; the [H]i#80,] with carbohydrate in a
20:1 molar ratio, distilled water, 12g; DMSO, 8gaction temperature, 180; reaction

time, 6 h.
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Fig.7. Proposed mechanism of IL promoted conversfdalcNAc into 5-HMF.
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Fig.8. Recycling of [Hmim][HSE for the synthesis of 5-HMF from GIcNAc under
hydrothermal conditions. Reaction conditions: GI@NALOO mg; [Hmim][HSQ),
9.040mmol; distilled water, 12g; DMSO, 8g; reactimmperature, 180 °C; reaction

time, 6 h.
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Highlights
Effective conversion of amino sugars to 5-HMF catalyzed by ionic liquid was
realized.
High 5-HMF yield of 35.8% was obtained from N-acetyl-D-glucosamine in
water.
The yield improved to 64.6% on using a water-dimethyl sulfoxide mixture
solvent.

This catalysis system can be recycled at least five times.



