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Abstract The one-pot dehydration/hydrolysis of mono-

and disaccharides to 5-hydroxymethylfurfural (HMF) in the

presence of several imidazolium ionic liquids was efficiently

performed. The study aims to make a mechanistic insights on

the direct transformation of sugars to HMF, including glu-

cose, fructose, galactose, sucrose, maltose and lactose. With

the catalyst of [NMP][HSO4], a HMF yield of 87 % was

achieved from sucrose. In addition, [AMIM]Cl revealed a

remarkable catalytic activity for the transformation of fruc-

tose to HMF without other catalyst or co-solvent and the

yield of HMF was 91.1 %. Theoretical calculation results

showed that [AMIM]Cl expressed a more efficient catalytic

activity than [BMIM]Cl.

Keywords Carbohydrates � Degradation �
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1 Introduction

In recent years, biomass is regarded as a potentially abundant

and renewable source to produce energy, chemicals and

materials, which are promising alternatives for the sustain-

able supply of liquid fuels and valuable intermediates (such

as alcohols, aldehydes, ketones and carboxylic acids) to the

chemical industry [1, 2]. Carbohydrates comprise the main

class of biomass compounds and it requires efficient methods

to convert them into a variety of chemical products [3].

Therefore, numerous of efforts have been devoted to the

degradation of mono- and disaccharides into 5-hydroxym-

ethylfurfural (HMF) or 5-ethoxymethylfurfural (EMF), the

versatile and key intermediate both in biofuel chemistry and

the petroleum industry [4, 5]. This bifunctional, six-carbon

molecule can be easily converted into many useful deriva-

tives, including a variety of polymers and fuels.

Various acidic catalysts have been employed for the for-

mation of HMF from carbohydrates, such as mineral acids

[6–8], metal salts [9–12], strong acid exchange resins [13,

14] and Amberlyst-15 [15]. These literatures mainly study

the monosaccharide, including fructose and glucose. How-

ever, the catalysts used in these studies have a lot of defects:

negative effect on the environment, excessive use of heavy

metals or low yield of HMF. In 2007, a novel work reported

by Zhang et al. revealed that glucose and fructose could

convert into HMF in good yields by using a catalysis system

based on CrCl2 in ionic liquids (ILs), particularly 1-ethyl-3-

methylimidazoliumchloride ([EMIM]Cl) [16]. ILs are

reported to be promising solvents for dissolving various

carbohydrates, offering environmentally friendly benefits in

comparison with hazardous volatile organic counter parts

[17, 18]. Recently, He et al. [19] reported that the zero-valent

Cr(CO)6-based catalyst system proved more effective for the

conversion of glucose to HMF in [EMIM]Cl under 120 �C

than the divalent CrCl2-based benchmark catalyst system,

especially at low catalyst loadings. Kim et al. [20] reported

that acidity modified silver exchanged silicotungstic acid

(AgSTA) catalyst was excellent for the dehydration of

fructose and sucrose in superheated water. As a result, 98 %

conversion of fructose with 85.7 % HMF yield and 87.4 %

HMF selectivity was achieved in 2 h reaction time at 120 �C.

However, despite these attractive advances in the syn-

thesis of HMF from fructose [18, 21] and glucose, the
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conversion of some other mono- and disaccharides such as

galactose, maltose and lactose, has not been studied

extensively (Fig. 1). What’s more important, the mecha-

nisms of fructose and galactose degradation to HMF in IL

solvents are still not fully understood. Because of the

interest on preparation of HMF from sugars, we choose to

study the transformation of these mono- and disaccharides

into HMF in ionic liquid of 1-allyl-3-methylimidazolium

chloride ([AMIM]Cl, A is allyl). The ionic liquid of

[AMIM]Cl has been demonstrated as an excellent solvent

in dissolution of lignocellulosic biomass materials [22, 23].

Because [AMIM]Cl itself can be easily synthesized and

recycled, and has good thermal stability when used as

solvent. Besides, the allyl group in [AMIM]Cl makes it

different from the rest of others, such as [EMIM]Cl,

[BMIM]Cl and [OMIM]Cl, which is also beneficial on the

conversion of carbohydrates [21].

In this work, we initially attempt to build several different

catalytic systems by using 1-alkyl-3-methylimidazo-

lium chloride or bromide as a solvent class. Various acidic

ILs, including 1-methylimidazolium hydrogen sulfate

([MIM][HSO4]), N-methyl-2-pyrrolidonium hydrogen sul-

fate ([NMP][HSO4]), 1-(4-sulfonic acid)-propyl-3-methyli-

midazolium hydrogen sulfate ([C3SO3HMIM][HSO4]) were

synthesized and employed as catalysts for the reaction. Our

method is distinguished from previous reports in that we

observe high yields of HMF from sucrose and fructose

without adding any metal salts. In addition, the combination

of [AMIM]Cl, acidic ILs and metal chloride (CoCl2) per-

formed well in conversion of other sugars. Since Brønsted-

acidic ILs [NMP][HSO4] and [C3SO3HMIM][HSO4] are

efficient catalysts for the conversion of fructose or cellulose

into HMF [24, 25], we hypothesize that these catalysts would

also provide high yields of HMF from other mono- and

disaccharides (Fig. 1). Our study showed that some, but not

all mono- and disaccharides, can be transformed efficiently

into HMF. Finally, we provide mechanistic insights into the

role of [AMIM]Cl in HMF formation from fructose. We

believe these efforts will provide a molecular level under-

standing of the reaction process for the IL-promoted con-

version of fructose to HMF, and help us to design and

develop a new catalytic system for conversion of sugars to

HMF.

2 Experimental Section

2.1 Materials

Sucrose and other sugars used in this study are obtained

commercially from Shanghai Chemical Factory (Shanghai,

China). N-methylimidazole is obtained from Changzhou

Chemical Factory (Jiangsu, China) and further purified by

distillation. The ILs are obtained commercially from J&K

Fig. 1 Chemical pathways of

direct transformation of sugars

into HMF
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Chemical Company and dried prior to use. Others are

prepared according to the published reports [23–26]. Sul-

furic acid (98 %) and other chemicals (AR) are commer-

cially available and used without further purification unless

otherwise stated.

2.2 Typical Procedure for Synthesis of Ionic Liquids

The preparation procedures of the ILs used in this study

and characterization data were presented in supplementary

data file.

2.3 Representative Procedure for Synthesis of HMF

from Carbohydrates

The catalytic conversion of sucrose to HMF is carried out in a

stainless steel autoclave with glass liner tube that is heated in

the oil-bath. Typically, 0.1712 g sucrose (0.5 mmol) is

added into 2 mL [AMIM]Cl solvent, followed by the addi-

tion of the desired catalyst and H2O at the reaction temper-

ature. After the appointed reaction time, 0.1 mL samples are

pipetted, quenched immediately with NaOH solution and

diluted with deionized water (9100). The solution is cen-

trifuged at 10,000 rpm for 10 min and the upper clear liquid

is pipetted off and diluted with deionized water (910). Any

humins are removed prior to HPLC analysis. Only low levels

of colored products, other than HMF, are detected by HPLC.

More experimental sections are presented in supple-

mentary data file.

3 Results and Discussion

3.1 Examine Various Catalysts

The activity of various catalysts for the sucrose conversion in

[AMIM]Cl was investigated and the results were presented

in Table 1. From the results, we can see that [NMP][HSO4]

and [C3SO3HMIM][HSO4] exhibited excellent activity in

[AMIM]Cl, with the HMF yields of 82.3 % (entry 5) and

78.5 % (entry 6) at 120 �C for 1 h, respectively. These

results were more competitive when compared to GeCl4 [27]

and Amberlyst-15 [28], which the solvent was [BMIM]Cl

and TEAB, respectively. Moreover, the Brønsted-acidic ILs

commonly had more efficient activity than mineral acids and

heteropolyacids, except [MIM][HSO4], which presented

much lower acidity among these IL catalysts (Supplemen-

tary data, Table S1), only 36.6 % (entry 4) of HMF was

obtained. The different yields of HMF revealed that both

catalyst and solvent had great influence on sucrose conver-

sion, especially the acidity and structure of catalyst, obvi-

ously, the catalytic system of [NMP][HSO4]–[AMIM]Cl

met the requirements.

3.2 Degradation of Sucrose to HMF

We initially attempt to prepare HMF from sucrose directly

and characterize the reactivity of sucrose with different

conditions. It was found that the degradation of sucrose

was performed well in [AMIM]Cl and [BMIM]Cl

(Table 2). In the absence of H2O, the yield of HMF

declined at 120 �C. For example, the addition of 0.1 mL

H2O enabled HMF yields of 87.0 % (entry 3) in [AMIM]Cl

for 1 h catalyzed by [NMP][HSO4], but it was only 82.2 %

(entry 1) at the same conditions without addition of water.

It is not difficult to understand, because sucrose is a typical

disaccharide and a small amount of water can improve the

hydrolysis process in the early stages of the degradation

reaction. The kind of solvent seem to have a great impact

on the yield of HMF, higher HMF yields were obtained in

either [AMIM]Cl or [BMIM]Cl when compared to 1-alkyl-

3-methylimidazolium bromide solvents (entries 5–6). In

addition, when it came to test about the reactivity of

[EMIM]Ac (entry 7), we further discovered that there was

no HMF formed and nearly all sucrose changed to a kind of

intractable gel. When reactions were carried out with dif-

ferent catalysts, HMF yields obtained from the same sol-

vent did not change too much. It indicated that both the two

catalysts used in this work were appropriate for the present

reaction system.

3.3 Degradation of Maltose and Lactose to HMF

Maltose is another important disaccharide, we found the

transformation of it into HMF to be challenging (Table 3).

Only [AMIM]Cl acted as an efficient solvent resulting in the

yield of HMF about 30 % (entry 6), which was far higher than

that obtained in other solvents catalyzed by [NMP][HSO4]

with the additive of CoCl2 at 140 �C for 1 h. Maltose almost

can not convert into HMF in [BMIM]Cl (entry 2) according to

our study. Slightly higher yields of HMF were obtained in

[AMIM]Cl with the additive of MnCl2 (entries 4, 9), but CoCl2
enabled the better yields, the highest yield was 55.7 % (entry

12) catalyzed by [C3SO3HMIM][HSO4] at 140 �C for 0.5 h,

indicating that [C3SO3HMIM][HSO4] performed better

compared to [NMP][HSO4] catalyst, which revealed only

30.4 % (entry 6) yield of HMF in the same reaction

conditions.

For further study of lactose in Table 3, this disaccharide

showed a lower activity compared to sucrose and maltose.

It was hard to use the catalyst of [NMP][HSO4] to promote

the conversion of lactose into HMF, with a maximum yield

of 19.5 % (entry 15) achieved at 140 �C. However,

[C3SO3HMIM][HSO4] was more suitable (entries 18–21)

for the present system according to Table 3, the highest

yield of HMF was 36.1 % (entry 21) with adding CoCl2 as

a co-catalyst in [AMIM]Cl at 140 �C.
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The results obtained from the three disaccharides reac-

tions revealed two conclusions. On the one hand, strong

acidity catalysts may improve the yield of HMF from some

but not all disaccharides, and sucrose gave a higher yield

when using a lower acidity catalyst, such as [NMP][HSO4].

Sucrose contains fructose units, too strong acidic environ-

ment may go against the degradation process of fructose,

which will lead to degradation excessively to give

byproducts. On the other hand, the similar route to HMF

from disaccharides provided a possible rationale for the

results. Sucrose can be cleaved into glucose and fructose

units through acid catalysis, analogously, maltose contains

two glucose units and lactose can be cleaved into glucose

and galactose. What’s more important, the acidic catalyst

was supposed to aid in this process. It is known that glu-

cose can be converted efficiently into HMF through acid

ILs or metal ions, so another half unit plays as a significant

influence factor on the conversion process. Perhaps

Table 1 High throughput screening of catalysts for direct transformation of sucrose into HMF under [AMIM]Cl

Entry Substrate Catalyst (mol%) Solvent Yielda (mol%) Ref.

1 Sucrose H2SO4, 9 [AMIM]Cl 50.2 This work

2 Sucrose H3PW12O40, 9 [AMIM]Cl 53.1 This work

3 Sucrose H3PMo12O40, 9 [AMIM]Cl 40.0 This work

4 Sucrose [MIM][HSO4], 9 [AMIM]Cl 36.6 This work

5 Sucrose [NMP][HSO4], 9 [AMIM]Cl 82.3 This work

6 Sucrose [C3SO3HMIM][HSO4], 9 [AMIM]Cl 78.5 This work

7 Sucrose Boric acid, 9 [AMIM]Cl 44.3 This work

8b Sucrose CrCl3, 14 [BMIM]Cl/MIBK 100 [14]

9b Sucrose GeCl4, 10 [BMIM]Cl 55.4 [20]

10b Sucrose Amberlyst-15, 10 TEAB 32 [29]

Conditions: each catalyst is 9 mol% to sucrose (0.5 mmol), [AMIM]Cl (2 mL), H2O (0.1 mL), T = 120 �C, t = 1 h
a Yields of HMF are determined by HPLC analysis
b Obtained from literatures

Table 2 Synthesis of HMF from sucrose

Entry Substrate Solvent Catalyst Conv. (%) Yielda (%)

1c Sucrose [AMIM]Cl [NMP][HSO4] 97.2 82.2

2c Sucrose [BMIM]Cl [NMP][HSO4] 96.6 73.1

3 Sucrose [AMIM]Cl [NMP][HSO4] 97.9 87.0

4 Sucrose [BMIM]Cl [NMP][HSO4] 96.3 80.7

5 Sucrose [BMIM]Br [NMP][HSO4] 95.3 77.3

6 Sucrose [EMIM]Br [NMP][HSO4] 95.5 72.4

7 Sucrose [EMIM]Ac [NMP][HSO4] – ND

8b Sucrose [AMIM]Cl [C3SO3HMIM][HSO4] 98.2 71.5

9b Sucrose [BMIM]Cl [C3SO3HMIM][HSO4] 96.0 66.0

10 Sucrose [AMIM]Cl [C3SO3HMIM][HSO4] 98.7 83.1

11 Sucrose [BMIM]Cl [C3SO3HMIM][HSO4] 97.7 78.2

12 Sucrose [BMIM]Br [C3SO3HMIM][HSO4] 98.5 76.2

13 Sucrose [EMIM]Br [C3SO3HMIM][HSO4] 98.1 69.9

14 Sucrose [EMIM]Ac [C3SO3HMIM][HSO4] – ND

Conditions: catalyst loading (9 mol%) is relative to the monosaccharide units contained in sucrose (0.5 mmol), ILs solvent (2 mL), T = 120 �C,

t = 1 h

ND not detected
a Yields of HMF are determined by HPLC analysis
b Without additive water
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galactose unit forms HMF less readily compared to fruc-

tose and glucose.

3.4 Degradation of Monosaccharide to HMF

In order to confirm our hypothesis about poor galactose

reactivity in IL solvents and make mechanistic insights of

the regularity and relevance on the conversion of mono-

and disaccharides into HMF, we then examined the reac-

tivity of fructose, glucose and galactose in [AMIM]Cl.

Firstly, we tested the degradation of fructose without metal

salts or even acidic IL catalysts, the results were summa-

rized in Table 4 (entries 1–6). Both [NMP][HSO4] and

[C3SO3HMIM][HSO4] gave good yields (98.0 %, entry 1

and 97.2 %, entry 5) with significant selectivity in

[AMIM]Cl at 100 �C for 10 min (entries 1, 5), higher than

the yields obtained in [BMIM]Cl (entries 2, 6). However, it

is impressive that fructose can convert into HMF in

[AMIM]Cl without catalyst efficiently, the yield of HMF

was 91.1 % (entry 3) at 100 �C. This yield was remarkable

when compared to [BMIM]Cl, which only 12.5 % (entry 4)

HMF was obtained at 100 �C for 0.5 h. Accordingly, we

can reach an important conclusion, [AMIM]Cl is not only a

good solvent but also an excellent and significant catalyst

in the conversion of fructose into HMF. The reaction

conditions are more moderate and rapid caopared to pre-

vious results that obtained by Shi et al. [21].

Quite different from fructose, it was hard for glucose

degradation into HMF in [AMIM]Cl alone, which

[AMIM]Cl acted as both solvent and catalyst, only 1.1 %

(entry 7) yield was obtained in Table 4 and truly inappre-

ciable. Even 9 mol% of catalyst was added into the reaction

system, the yield was still at a low level (entry 8). It indi-

cated that the reactivity of glucose was poor in the present

system without adding any metal salts, because glucose can

not convert (the isomerization step, Fig. 1) into fructose

efficiently according to Zhang et al. [16]. Then we tested the

combination of MnCl2 or CoCl2 with acidic ILs talked

above in [AMIM]Cl at 120 �C for 2 h, the results are also

displayed in Table 4 (entries 9–12). Notably, the combina-

tion of CoCl2 with [C3SO3HMIM][HSO4] showed the best

efficiency, 62.2 % (entry 12) of HMF was obtained. More-

over, both CoCl2 and [C3SO3HMIM][HSO4] revealed the

more competitive effect on the conversion of glucose.

Interestingly, the reaction using higher temperature resulted

in lower yield shown as entry 13, possibly due to

Table 3 Synthesis of HMF from maltose and lactose

Entry Substrate Solvent Catalyst Additivea (mol%) t (h) T (�C) Conv. (%) Yieldb (%)

1 Maltose [AMIM]Cl [NMP][HSO4] 1 120 93.7 15.1

2 Maltose [BMIM]Cl [NMP][HSO4] 1 120 81.8 1.3

3 Maltose [AMIM]Cl [NMP][HSO4] 0.5 140 93.2 25.2

4 Maltose [AMIM]Cl [NMP][HSO4] MnCl2, 4 1 120 95.2 15.2

5 Maltose [AMIM]Cl [NMP][HSO4] CoCl2, 4 1 120 95.7 26.3

6 Maltose [AMIM]Cl [NMP][HSO4] CoCl2, 4 0.5 140 96.1 30.4

7 Maltose [BMIM]Br [NMP][HSO4] CoCl2, 4 0.5 140 94.5 17.3

8 Maltose [EMIM]Br [NMP][HSO4] CoCl2, 4 0.5 140 92.2 12.2

9 Maltose [AMIM]Cl [C3SO3HMIM][HSO4] MnCl2, 4 1 120 97.3 15.7

10 Maltose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 1 120 97.1 41.2

11 Maltose [AMIM]Cl [C3SO3HMIM][HSO4] 0.5 140 98.2 45.5

12 Maltose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 0.5 140 98 55.7

13 Lactose [AMIM]Cl [NMP][HSO4] MnCl2, 4 1 120 93.8 13.1

14 Lactose [AMIM]Cl [NMP][HSO4] CoCl2, 4 1 120 93.4 18.2

15 Lactose [AMIM]Cl [NMP][HSO4] CoCl2, 4 0.5 140 95.4 19.5

16 Lactose [BMIM]Br [NMP][HSO4] CoCl2, 4 0.5 140 92.2 18.7

17 Lactose [EMIM]Br [NMP][HSO4] CoCl2, 4 0.5 140 90.0 9.2

18 Lactose [AMIM]Cl [C3SO3HMIM][HSO4] MnCl2, 4 1 120 96.5 17.5

19 Lactose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 1 120 97.0 25.3

20 Lactose [AMIM]Cl [C3SO3HMIM][HSO4] 0.5 140 95.7 15.0

21 Lactose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 0.5 140 97.3 36.1

Conditions: catalyst loading (9 mol%) is relative to the monosaccharide units contained in maltose or lactose (0.5 mmol), ILs solvent (2 mL)
a Additive concentrations are relative to the mass of monosaccharide units
b Yields of HMF are determined by HPLC analysis
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decomposition of HMF and other side reactions, like the

formation of degradation products or humins under such

conditions.

Finally, we focused our attention on galactose and

additional experiments substantiated our hypothesis about

poor galactose reactivity. No HMF was detected in

[AMIM]Cl catalyzed by [NMP][HSO4] without co-catalyst

(entry 14). Furthermore, [NMP][HSO4] showed a relatively

weak reactivity on the conversion of galactose, even

worked with CoCl2 which acted as the additive (entries

14–16). Hence, we tested another catalyst, the results were

displayed in Table 4 (entries 17–18). Remarkably, in the

cases studied, the yield increased and reached 19.7 %

(entry 18) at 120 �C for 1 h. From the yields obtained

above, we may easily come to the conclusion, metal salts

play as critical factor on the conversion of galactose to

HMF in solvent. The stereochemical configuration of glu-

cose and galactose provided a possible explanation for the

difficulty of galactose conversion to HMF. The isomeri-

zation product of galactose is tagatose, one of the ketoses

and the C-4 epimer of fructose (Fig. 2). This ketose then

dehydrates into HMF, likely via a furanosyl oxocarbeni-

umion [29]. Thus, inefficient degradation of tagatose into

HMF could prevent high HMF yields from galactose. But

the transformation of galactose into HMF was affected

advantageously by metal ions, such as chromium, and

cobalt that used in this work, as a result of it, galactose is

less likely to undergo degradation to produce side products

and more facilely to convert into HMF.

3.5 Relationship Insights

Further study of the yields of HMF obtained from mono-

and disaccharides, we found these results have a mean-

ingful relationship to some extent. For example, consider-

ing about the HMF yields from sucrose, which parallel

roughly the average of the yields from glucose and fructose

under the similar reaction conditions. Coincidentally, we

have mentioned that sucrose can be cleaved into glucose

and fructose units through acid catalysis in previous dis-

cussion. This conclusion also applies to maltose and lac-

tose, the former one can convert into two copies of glucose

units, and the later one will cleave into glucose and gal-

actose units. The same consequences reveal the important

information that acid-catalyzed behaviors of disaccharides

and polysaccharides were affected significantly by their

component units, especially those units that are different

from glucose. The more facile of these monosaccharide

units degradation, the easier those corresponding disac-

charides or polysaccharides conversion into HMF. We

Table 4 Synthesis of HMF from monosaccharides

Entry Substrate Solvent Catalyst Additive (mol%) t (h) T (�C) Conv. (%) Yielda (%)

1 Fructose [AMIM]Cl [NMP][HSO4] 1/6b 100 100 98.0

2 Fructose [BMIM]Cl [NMP][HSO4] 1/6 100 97.9 93.4

3 Fructose [AMIM]Cl 0.5 100 96.1 91.1

4 Fructose [BMIM]Cl 0.5 100 63.2 12.5

5 Fructose [AMIM]Cl [C3SO3HMIM][HSO4] 1/6 100 100 97.2

6 Fructose [BMIM]Cl [C3SO3HMIM][HSO4] 1/6 100 97.7 90.5

7 Glucose [AMIM]Cl 2 120 14.3 1.1

8 Glucose [AMIM]Cl [NMP][HSO4] 2 120 82.1 10.6

9 Glucose [AMIM]Cl [NMP][HSO4] MnCl2, 4 2 120 91.9 30.6

10 Glucose [AMIM]Cl [NMP][HSO4] CoCl2, 4 2 120 93.4 39.7

11 Glucose [AMIM]Cl [C3SO3HMIM][HSO4] MnCl2, 4 2 120 95.0 57.3

12 Glucose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 2 120 95.5 62.2

13 Glucose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 2 140 97.4 50.2

14 Galactose [AMIM]Cl [NMP][HSO4] 1 120 20.5 ND

15 Galactose [AMIM]Cl [NMP][HSO4] CoCl2, 4 1 120 88.3 10.9

16 Galactose [BMIM]Cl [NMP][HSO4] CoCl2, 4 1 120 75.1 3.7

17 Galactose [AMIM]Cl [C3SO3HMIM][HSO4] 1 120 90.6 7.1

18 Galactose [AMIM]Cl [C3SO3HMIM][HSO4] CoCl2, 4 1 120 91.2 19.7

Conditions: catalyst loading (9 mol%) is relative to the mass of monosaccharide (1 mmol), ILs solvent (2 mL)

ND not detected
a Yields of HMF are determined by HPLC analysis
b t = 10 min
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think the discovery will help us to design and improve the

catalytic system on the conversion of carbohydrates to

HMF.

3.6 Mechanism Insights on the Conversion of Fructose

in [AMIM]Cl

Efficient catalytic chemical transformation of fructose to

HMF is one of the key steps for attaining industrial level

conversion of biomass to useful chemicals. The reaction

mechanisms for the decomposition of fructose to HMF in

both neutral and acidic environments have been investi-

gated recently [30]. In this study, fructose can convert to

HMF efficiently with high yield catalyzed by [AMIM]Cl,

the novel character of [AMIM]Cl will be able to make it

become a strong competitor comparing to other catalysts

in future biochemical industry. The mechanism of

[AMIM]Cl-promoted conversion of fructose to HMF is

further investigated by employing DFT study. Besides,

this work will also gain insight into why [AMIM]Cl

performed better than [BMIM]Cl without co-catalyst or

co-solvent.

Fig. 2 Proposed metal halide

interaction with galactose in

ionic liquid. MnCl2 and CoCl2
lead to the isomerization of

galactopyranose to

tagatofuranose, followed by

dehydration to HMF

Fig. 3 Mechanism insights of the degradation pathway of fructose conversion into HMF in the presence of ILs. R = allyl or butyl

258 J. Shi et al.

123



Thus, a molecular level understanding of the reaction

mechanism presented in Fig. 3 was investigated to expound

the results obtained from the experimental work through a

DFT study on the B3LYP/6-311G (d, p) levels. Particularly,

we want to confirm that how [AMIM]Cl affected the reaction

pathways of fructose. We initially studied the reaction pro-

cess in the presence of [AMIM]Cl which was characterized

by three elementary steps with three transition states. As

shown in Figs. 3, 4, halide ion played an important role on

the conversion process. Firstly, a molecule of water is lost

when compound 1 formed via the attachment of Cl- to

the two OH groups on C1 and C2, the energy barrier is

61.87 kcal mol-1 calculated by TS1, then an enediol

intermediate 2 is formed and rapidly isomerizes into its

isomers aldehyde 3. Next, with the formation of another

molecule of water which releases from 3, the product 4 is

formed via the intermediate TS2 with the energy barrier of

31.37 kcal mol-1. Then following the similar route above,

the formation of 5 upon the coordination of the oxygen atom

at C4 to the [AMIM]Cl, removes a third water molecule with

the barrier of 48.05 kcal mol-1. Finally, both the [AMIM]Cl

and H2O dissociated from 5 with the broken of the coordi-

nation between hydroxy group and Cl- to give the target

product HMF.

Furthermore, owing to the attempt to investigate the

different reactivity between [AMIM]Cl and [BMIM]Cl, we

studied the energy barriers via the transition states and

reactants which displayed in Fig. 4 and Table 5. The

results indicated that the ILs with different side chain

groups have great influence on the energy barriers (or

activation energies). The catalytic activity with alkyl group

is lower compared to the allyl group, we proposed that in

salt solutions with small, strong polarizing cations and

large polarizable anions, there exists intensive interactions

between them and OH. In comparison with [BMIM]Cl, the

cation [AMIM]? is conducive to the attack on OH groups

due to the smaller ion size and a double bond in the cation

of [AMIM]Cl. Moreover, the less electronic chemical

structure caused by allyl group also enhances the interac-

tion between cations in [AMIM]Cl and hydroxyl.

4 Conclusions

The success of one-step conversion of these carbohydrates

to HMF is attributed to the excellent solvent performance

of [AMIM]Cl and the appropriate acidity of [NMP][HSO4]

and [C3SO3HMIM][HSO4]. The metal salt cobalt chloride

(CoCl2) is confirmed as an effictive co-catalyst on the

degradation of several mono- and disaccharides, including

glucose, maltose and lactose. Galactose, an aldohexose that

was proposed can isomerize to tagatose, was converted

only poorly into HMF, providing further mechanistic

insight. [AMIM]Cl was found to play a remarkable cata-

lytic activity for the transformation of fructose to HMF

without other catalyst. In particular, the mechanisms to

explain the activity of [AMIM]Cl and [BMIM]Cl are also

proposed, and the roles are further investigated by

employing DFT study. We believe these efforts will pro-

vide a molecular level understanding of the reaction pro-

cess for the IL-promoted conversion of fructose to HMF,

and help us to design and develop a new catalytic system

for conversion of sugars to HMF.
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