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Abstract 

 

Preparation and Application of Heterogeneous 

N-Heterocyclic Carbene Ligand-Iron Catalyst 

based on Graphene oxide: Conversion of 

Fructose to 5-Hydroxymethylfurfural 

 

So-Dam Ahn 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

As energy demand increases, biomasses have emerged as renewable energy 

source, and substituting finite fossil fuels. Among them, carbohydrates are widely 
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used for their abundance. They can be transformed to 5-hydroxymethylfurfural (5-

HMF) which can become an important building block for fine chemicals or 

monomers. Thus, the methodologies to transform carbohydrate (especially fructose) 

to 5-HMF have been largely experimented under various factors including catalysts, 

solvents, and additives, yet their limitations were not fully resolved. In order to 

overcome the limitations, we have designed Fe (II) catalyst on a solid support, 

graphene oxide (GO), to conduct fructose dehydration. To prepare the designed Fe 

(II) catalyst, an electron-rich N-heterogeneous carbene ligand (NHC), which can 

connect metal to the solid support, was considered as an essential component. The 

NHCs were synthetized in simple three steps from a commercially available 1-(3-

aminopropyl)imidazole in 80 % yield. A catalytic activity to produce 5-HMF from 

fructose was evaluated in various conditions. The best catalytic performance was 

achieved in 1,4-dioxane at 100oC. The catalyst could be reused without a decrease 

in activity and showed a much better yield than homogeneous catalysts with a 

simple centrifuge separation. Therefore, this study shows that GO based catalytic 

approach is a convenient tool to develop other catalysts for a biomass conversion. 

 

Keywords : 5-hydroxymethylfurfural; graphene oxide; heterogeneous catalyst;   

N-heterocyclic carbene; fructose dehydration 

Student number : 2012-20958  
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1. Introduction 

1.1. 5-HMF Production from Fructose Dehydration 

 

Fossil fuels as an energy resource show a bleak future as rapid increase in energy 

demand cannot be met by their finite storage capacity.1 Attempts have been made 

to develop alternative energy sources to replace the fossil fuels. Among them, 

carbohydrates with high energy density carbons are emerged as a new energy 

resource and important material, which occupy 75 % of the yearly sustainable 

biomass produced.1,2 

Carbohydrate biomass is abundant, widely distributed, and cheaper than other 

energy resource. Developing catalytic methods to produce biofuels from 

carbohydrate biomass is an important issue, since obtaining fine chemicals from 

the carbohydrate biomass is much more sustainable than that from the lipid 

biomass.1 5-Hydroxymethylfurfural (5-HMF) is an important material as it acts as a 

route to obtain fuels and fine chemicals from biomass. It can be used as a plastic 

monomer and transformed to other chemicals such as 2,5-furandicarboxylic acid 

(FDCA), 2,5-bis(hydroxymethyl)-tetrahydrofuran (2,5-BHMTHF), and 2,5-dihy-

droxymethylfuran (DHMF).3 In particular, hydrolysis of carbohydrates to obtain 

aqueous sugar, followed by converting it to 5-hydroxymethylfurfural (5-HMF), 
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was one of the most investigated chemical methods in history.4 

Fructose and glucose, six-carbon sugar molecules of carbohydrates, can be 

transformed to 5-HMF. Fructose has a furanose structure similar to 5-HMF and can 

be well converted to 5-HMF via an elimination of three molecules of water (Figure 

1). A conversion of glucose to 5-HMF involves an isomerization of glucose to 

fructose followed by dehydration to 5-HMF. This reaction is complicated, and 

fructose can be decomposed during isomerization of glucose to fructose, and thus 

fructose is more preferred starting material than glucose.5-8 

Numerous groups have reported various fructose dehydration methods. Antal et 

al. reported that D-fructose can be converted to 5-HMF in liquid water at 250oC 

with H2SO4 as an acid catalyst,6 and Roman-Leshkov et al. studied the solvent 

effect for dehydration of fructose in a biphasic system using saturated inorganic 

salt.9 In addition, fructose was dehydrated in an ionic liquid (IL) using Amberlyst-

15 for a catalyst at 80oC.10 Studies of trivalent metal salts such as Cr and Al have 

also been carried out.11 Nevertheless, as shown in Table 1, metal salts are 

homogeneous and not easy to be recovered for reuse and are unstable to high 

temperature. Amberlyst, a heterogeneous catalyst, has a limitation as its efficiency 

declines with the increase in the recycle number.12 
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Figure 1. Mechanism of fructose/glucose dehydration to HMF. 
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Table 1. Comparison of Homogeneous and Heterogeneous Catalysts41 

 

 

 

  



- 5 - 

 

1.2. Iron Catalyst as an Alternative Novel Metal Catalyst for 

Fructose Dehydration 

 

Metal complexes are essential catalysts for organic chemists. Most of them, such 

as heavy and rare metals, however, are toxic, expensive, and have limitations. On 

the contrary, iron is non-toxic, cheap, and easy to obtain in nature.13 It is considered 

as an essential element because some enzymes contain iron which plays a key role 

for living organisms.14 Although unstable to oxygen and water, iron has been 

widely studied as a catalyst to capitalize its advantages. 

Homogeneous iron catalysts have been used to convert carbohydrates to other 

valuable intermediates. For example, fructose was converted to 5-HMF using FeCl3 

as a metal salt with boric acid.15 Fructose dehydration was performed with FeCl3 in 

NMP by adding ammonium bromide,16 and biomass conversion was conducted in 

ionic liquid-linked sulfonic acid.17 Being homogeneous, however, the catalysts are 

difficult to recover for reuse and addition of acids are required. 

Heterogeneous catalysts have been used for fructose dehydration due to their 

advantages in being able to recover and to be reused. Li reported that fructose was 

converted to 5-HMF using a catalyst which is made of phosphotungstic acid 

containing silica coated Fe3SO4 nanoparticles (Fe3O4@SiO2-HPW).18 Yet, there are 
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some limitations such as metal nanoparticles are randomly distributed, non-metal 

bound particles exist, and acid is required for preparation.18 In addition, there are 

only a handful of studies on solid supports, which needs further research. 
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1.3. Graphene Oxide as Heterogeneous Support 

 

Green chemistry requires environmentally-friendly and sustainable aqueous 

solvents to substitute organic solvents with higher efficiency.19 For reaction in 

aqueous condition, a variety of solid supports are developed for heterogeneous 

catalysts.20-23 Polymer supports are widely used solid support. Since most of them 

are hydrophobic, which is relatively incompatible for aqueous condition, they 

should be modified with hydrophilic ligands for use in aqueous condition. Silica 

supports can have a large surface area and uniform pore diameter, and suitable for 

aqueous condition. The catalytic activities on silica supports can be improved with 

chemical selectivity comparing with those on polymer supports. But, there are 

some limitations that the silica supported catalyst, which contains a transition metal 

complex, is less catalytically active than its homogeneous analogues.21-23 

Carbon materials are stable in high temperature and are being used as supports to 

overcome the aforementioned disadvantages. Among numerous carbon materials, 

graphene oxide (GO) is one of the well-used carbon materials, having a high 

surface area and rich functionality. It is amphiphilic, and well dispersed in water as 

well as in organic solvents.24-26 Since graphene oxide has various functional groups, 

it can be further modified. These properties make it suitable as a support in 

developing catalysts. Fan et al. have developed rhodium complex immobilized on 
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graphene oxide as an efficient and recyclable catalyst for hydrogenation of 

cyclohexene. This catalyst showed good catalytic activity for hydrogenation of 

cyclohexene even after 5th run and no leaching of rhodium was observed due to 

strong coordination bonds.27 

Bielawski showed that GO can be utilized as a catalyst to transform 

benzylalcohol to benzaldehyde. However, a large quantity of GO (over 50 wt %) is 

needed for the oxidation. So, using GO as a catalyst remains a challenge. 
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1.4. N-Heterocyclic Carbene (NHC) Ligand 

 

Although homogeneous catalysts are highly efficient, the reaction in water and 

recycling are problematic.28 By designing a proper ligand, its reactivity and 

selectivity can be improved. Metal nanoparticles are usually distributed non-

uniformly on a surface when immobilized on a support and aggregated during 

reaction. When using a ligand, however, the metal catalyzed reactions occur 

without cleavage of the ligand-metal bond due to its unique high binding energy.29-

31 NHC ligand is one of the well-studied ligands in transition metal catalyzed 

reaction. 

Carbenes are reactive intermediates. It is neutral, and has a bivalent carbon atom 

with sextet electrons. The carbenes were discovered by Buchner and Curtius in the 

late 19th century and by Staudinger and Kupfer in the early 20th century. Since the 

early studies of stable nucleophilic carbenes by Bertrand’s and Arduengo’s groups, 

various applications of N-heterocyclice carbene (NHC) in organic synthesis have 

been demonstrated.32 NHC ligands can be easily synthesized and have a strong 

bonding with transition metals as a σ-donor, and has a pronounced σ-donating and 

weak π-accepting ability. Due to these properties, they are emerging as an 

alternative to poisonous and expensive phosphine ligands.33-35 However, when used 

in homogeneous phase, the NHC-metal complexes are difficult to be separated for 
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reuse. Various methods to immobilize the ligands on solid supports, and to combine 

them with transition metals have been progressed recently.31,33-36 

Previously, we have developed processes to immobilize transition metal catalysts 

such as Pd, Fe with NHC ligands on a solid support polystyrene, which has been 

extensively used in organic reactions.20,36 In 2008, Dong-Ho Lee developed a 

catalyst that contains a bulky NHC-Pd complex on a macroporous polystyrene. It is 

an effective catalyst for Suzuki coupling so that various aryl halides were 

converted to Suzuki coupling products with excellent yields (above 90 %) in 

DMF/water = 2:1.36 The yield was maintained above 90 % during 5th cycle. 
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1.5 Research Objective 

 

A current approach to overcome disadvantages of previously reported 

homogeneous catalysts for fructose dehydration has been focused on using 

heterogeneous ones. For example, the selectivity and the stability of metal catalysts 

were enhanced by introducing ligands, such as a NHC ligand on a solid support. 

The reusability was improved by using a solid support. Also, carbon materials such 

as GO have emerged as a new solid support because it has a high surface area and 

many functional groups, which can be dispersed in various solvents. Hence, it is 

expected that GO can enhance the accessibility of a substrate in various organic 

solvents, and NHC ligand on GO can prevents metal catalysts from leaching. In 

this study, NHC-Fe catalyst was developed based on GO using a simple method. 

GO-NHC-Fe catalyst was designed to convert fructose to 5-HMF without using 

additives. The catalyst could be recovered by using a simple ultracentrifugation 

method and reused five times without a loss of activity. The method has a potential 

to be utilized in the industry. 
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2. Experimental Section 

2.1. General 

 

Material 

1-(3-Aminopropyl)imidazole (API), 2,4,6-trimethylbenzyl chloride, 2-

(chloromethyl)pyridine hydrochloride, iron(II) chloride tetrahydrate, trifluoroacetic 

acid (TFA), potassium permanganate (KMnO4), N,N’-diisopropylcarbodiimide 

(DIC), potassium tert-butoxide (KOtBu), D-(−)-fructose, dimethyl sulfoxide 

(DMSO), 4-methyl-2-pentanone (MIBK) were purchased from Sigma-Aldrich (St. 

Louis, USA). Boc anhydride (t-Boc), 1-chloro-2-methylpropane were purchased 

from Tokyo Chemical Industry (TCI) (Tyoko, Japan). Graphite flake (median 7-10 

micron, 99% (metals basis)), N,N-diisopropylethylamine (DIPEA) were purchased 

from Alfa Aesar (Ward Hill, USA). Sodium bicarbonate (NaHCO3), 

tetrahydrofuran (THF), ethyl acetate, magnesium sulfate (MgSO4), chloroform, 

diethyl ether, methylene chloride (MC), methanol (MeOH), acetone, sulfuric acid 

(H2SO4), phosphoric acid (H3PO4), hydrochloric acid (HCl), hydrogen peroxide 

(H2O2) were purchased from Daejung Chemicals Co. (Siheung, Korea). 1,2-

Dichloroethane (DCE) was purchased from Junsei Chemical Co. (Tokyo, Japan). 1-
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Hydroxybenzotriazole (HOBt) was purchased from BeadTech Co. (Seoul, Korea). 

1,4-Dioxane and ethanol were purchased from OCI Company Ltd. (Seoul, Korea). 

 

 

Characterization 

1H NMR data was recorded by Bruker 400 MHz spectrometer (AscendTM 400, 

Bruker, USA), and chemical shifts are based on TMS peak in CDCl3 or DMSO-d6. 

Mass spectra were acquired on Electrospray ionization (ESI) mass spectrometry 

(LCQ, Thermo Finnigan, USA) operating at a low resolution to analyze the 

compound’s molecular weight. GO, GO-IL, and GO-NHC-Fe were characterized 

by Fourier transform-infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo 

Scientific, USA) operating at ATR mode. Elemental analysis was conducted using 

an elemental analyzer (EA, US/CHNS-932, LECO Corp, USA). Binding energies 

of IL and NHC-Iron complex on GO were obtained by X-ray photoelectron 

spectroscopy (XPS, SIGMA PROBE, ThermoVG, U.K) equipped with a full 180 

degree spherical sector analyzer. The photon source was from an Al anode at 15 kV. 

The crystal structure of GO, GO-IL, and GO-NHC-Fe was investigated by X-ray 

diffraction (XRD) analysis (Bruker D8 DISCOVER, Bruker, USA). The loading 

level of iron on graphene oxide was measured using an inductively coupled plasma 
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atomic emission spectroscopy (ICP-AES, ICPS-7510, Shimadzu, Japan). The 

morphology of GO, GO-IL, and GO-NHC-Fe was investigated by transmission 

electron microscope (TEM) analysis (JEM1010, JEOL, Japan) operating at 80 kV, 

for which samples were deposited on a 300 mesh holey carbon grid. 
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2.2 Preparation of Graphene Oxide and Graphene Oxide-

supported N-Heterocyclic Carbene-Iron Catalysts 

2.2.1 Preparation of N-Heterocyclic Carbene (NHC) Ligands 

 

Synthesis of 1-[(N-tert-butoxycarbonyl)aminopropyl]imidazole 

1-(3-Aminopropyl)imidazole (API, 2.4 mL, 20 mmol) was dissolved in THF (50 

mL), and charged in a 250 ml two-neck round bottom flask with an egg shaped 

magnetic stirring bar. NaHCO3 (4.0 g, 48 mmol) in water (50 mL) was added to the 

flask in an ice-bath. Boc anhydride (5.2 g, 24 mmol) in THF (25 mL) was added 

dropwise under magnetic stirring. After stirring for 3~4h, the solvent was 

evaporated in vacuo. The resulting product was dissolved in ethyl acetate, and 

washed with water. The organic phase was dried over MgSO4, and concentrated in 

vacuo (yield : 4.1 g, 90 %). 1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 7.5 (s, 

1H), 7.0 (s, 1H), 6.9 (s, 1H), 4.7 (s, 1H), 4.0 (t, 2H), 3.1 (q, 2H), 1.9 (quin, 2H), 1.4 

(s, 9H). It was also analyzed by mass spectrometry to confirm the molecular weight 

(m/z : calcd for C11H19N3O2, 225.29, found 226.1). 
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Alkylation of 1-[(N-tert-butoxycarbonyl)aminopropyl]imidazole 

1-[(N-tert-Butoxycarbonyl)aminopropyl]imidazole (1, 2.25 g, 10 mmol) was 

dissolved in DCE (50 mL), and charged in a 250 ml two-neck round bottom flask 

with an egg shaped magnetic stirring bar. 2,4,6-Trimethylbenzyl chloride (1.86 g, 

11 mmol) in DCE (50 mL) was added in an oil-bath 80 oC under magnetic stirring. 

The resulting solution was stirred at 80 oC overnight. Then, the solvent was 

evaporated in vacuo. The resulting product was dissolved in MC and diethyl ether, 

centrifuged at 8500 rpm for 20 minute, and the supernatant was decanted off. The 

residue was then washed with MC and diethyl ether. After centrifuging, the 

resulting products were dissolved in MC, evaporated in vacuum, and dried in vacuo 

(yield : 3.29 g, 84 %). 1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 10.8 (s, 1H), 

7.5 (s, 1H), 6.9 (s, 2H), 6.7 (s, 2H), 6.0 (s, 1H), 5.5 (s, 2H), 4.4 (t, 2H), 3.2 (q, 2H), 

2.2 (s, 9H), 2.1 (quin. 2H), 1.4 (s, 9H). It was also analyzed by mass spectrometry 

(m/z : calcd for C21H32N3O2, 358.5, found 358.3). 

 

1-[(N-tert-Butoxycarbonyl)aminopropyl]imidazole (1, 2.25 g, 10 mmol) was 

dissolved in DCE (50 mL), and charged in a 250 ml two-neck round bottom flask 

with an egg shaped magnetic stirring bar. 1-Chloro-2-methylpropane (1.16 ml, 11 

mmol) in DCM (50 mL) was added in an oil-bath 80 oC under magnetic stirring. 

The resulting solution was stirred at 80 oC overnight. After stirring overnight, the 
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solvent was evaporated in vacuo. The resulting product was dissolved in MC and 

diethyl ether, centrifuged at 8500 rpm for 20 minute, and the supernatant was 

decanted off. The residue was then washed with MC and diethyl ether. After 

centrifuging, the resulting product was dissolved in MC, evaporated in vacuum, 

and dried in vacuo (yield : 2.54 g, 82 %). 1H NMR (400 MHz, CDCl3, TMS): δ 

(ppm) = 10.5 (s, 1H), 7.6 (s, 1H), 7.5 (s, 1H), 5.9 (s, 1H), 4.8 (t, 2H), 4.4 (t, 2H), 

4.1 (q, 2H), 3.5 (quin, 1H), 2.4 (s, 6H), 2.0 (quin, 2H), 1.4 (s, 9H). It was also 

analyzed by mass spectrometry (m/z : calcd for C15H28N3O2, 282.4, found 288.1). 

 

 

Deprotection of alkylated 1-[(N-tert-butoxycarbonyl)aminopropyl]imidazole 

1-[(N-tert-Butoxycarbonyl)aminopropyl]-3-(2,4,6-trimethylbenzyl)imidazolium 

chloride (2, 1.97 g, 5 mmol) was dissolved in DCM (25 mL), and charged in a 250 

ml one-neck round bottom flask with an egg shaped magnetic stirring bar. 

Trifluoroacetic acid (4 mL) was added under magnetic stirring. After stirring for 4 

h, the solvent was evaporated in vacuo. The resulting products were dissolved in 

MC and diethyl ether, centrifuged at 8500 rpm for 20 minute, and the supernatant 

was decanted off. The residue was then washed with MC and diethyl ether. After 

centrifuging (8500 rpm, 20 min) and decanting, the resulting product was dissolved 

in MC, evaporated in vacuum, and dried in vacuo (yield : 1.18 g, 80 %). 1H NMR 
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(400 MHz, CDCl3, TMS): δ (ppm) = 9.4 (s, 1H), 8.6 (s, 3H), 7.6 (s, 1H), 6.9 (s, 

2H), 6.8 (s, 1H), 5.3 (s, 2H), 4.4 (s, 2H), 3.0 (s, 2H), 2.3 (s, 2H), 2.2 (d, 9H) . It was 

also analyzed by mass spectrometry (m/z : calcd for C16H24N3, 258.38, found 

258.3). 

 

1-[(N-tert-Butoxycarbonyl)-aminopropyl]-3-isobutylimidazolium chloride (3, 

1.59 g, 5 mmol) was dissolved in DCM (25 mL), and charged in a 250 ml one-neck 

round bottom flask with an egg shaped magnetic stirring bar. Trifluoroacetic acid 

(4 mL) was added under magnetic stirring. After stirring for 4 h, the solvent was 

evaporated in vacuo. The resulting products were dissolved in MC and diethyl 

ether, centrifuged at 8500 rpm for 20 minute, and the supernatant was decanted off. 

The residue was then washed with MeOH and diethyl ether. After centrifuging 

(8500 rpm, 20 min) and decanting, the resulting product was dissolved in MeOH, 

evaporated in vacuum, and dried in vacuo (yield : 1.01 g, 80 %). 1H NMR (400 

MHz, DMSO, TMS): δ (ppm) = 9.3 (s, 1H), 8.2 (s, 3H), 7.9 (m, 2H), 4.6 (t, 2H), 

4.3 (t, 2H), 4.1 (quin, 2H), 3.2 (s, 1H), 2.8 (d, 6H), 2.1 (quin, 2H). It was also 

analyzed by mass spectrometry (m/z : calcd for C10H20N3, 182.29, found 188.2). 
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2.2.2 Preparation of Graphene Oxide 

 

Graphene oxide (GO) was prepared by the modified Hummer’s method.37 

Graphite flake (2 g, median 7-10 micron, 99%) was charged in a 500ml round 

bottom flask with an egg shaped magnetic stirring bar. A 9:1 (v/v) mixture of 

H2SO4/H3PO4 (267 mL) was added under magnetic stirring. Then, KMnO4 (12g, 6 

quiv.) was added at 20 oC for about 1 h. Then, the resulting products were stirred at 

room temperature for 1 h, and stirred at 50 oC for 12 h. After they were cooled 

down to room temperature, water (400 mL) and 30 % H2O2 (5 mL) were added in 

an ice-bath. The mixture was centrifuged at 7000 rpm for 15 minutes, and the 

supernatant was decanted off. The remaining solid material was then washed in 

succession with 200 ml of water, 200 ml of 6N HCl, 200 ml of ethanol (x 2), and 

200 ml diethyl ether (x 7) by centrifugation at 7000 rpm for 15 minutes each. The 

resulting product was dried in vacuo. The prepared GO was analyzed with FT-IR, 

TEM, XPS, and XRD. 
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2.2.3 Preparation of Graphene Oxide-supported N-Heterocyclic 

Carbene (NHC) Ligand (GO-ILs) 

 

GO (0.5 g, 1.3 mmol/g of carboxylate, 7~10 μm) was dissolved in DMF (200 

mL) and charged in a 500 ml round bottom flask with an egg shaped magnetic 

stirring bar. N,N’-Diisopropylcarbodiimide (DIC) (387 μl , 2.5 mmol) and 1-

hydroxybenzotriazole (HOBt) (338 mg, 2.5 mmol) were added under magnetic 

stirring with N,N-diisopropylethylamine (DIPEA) (865 μl, 5 mmol). Then, 1-

(aminopropyl)-3-(2,4,6-trimethylbenzyl)imidazolium chloride (4, 735 mg, 2.5 

mmol) in DMF (50 mL) was added under magnetic stirring. After stirring overnight 

at room temperature, the resulting products were centrifuged at 7000 rpm for 25 

minutes, and the supernatant was decanted off. The remaining solid material was 

then washed in succession with 150 ml of DMF, 150 ml of acetone (each x 8) at 

7000 rpm for 15-20 minutes. The residue was dried in vacuo, and analyzed by FT-

IR, TEM, XPS, XRD, and elemental analyzer. 

 

GO (0.5 g, 1.3 mmol/g of carboxylate, 7~10 μm) was dissolved in DMF (200 

mL), charged in a 500 ml round bottom flask with an egg shaped magnetic stirring 

bar. N,N’-Diisopropylcarbodiimide (DIC) (387 μl , 2.5 mmol) and 1-
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hydroxybenzotriazole (HOBt) (338 mg, 2.5 mmol) were added under magnetic 

stirring with N,N-diisopropylethylamine (DIPEA) (865 μl, 5 mmol). Then, 1-

(aminopropyl)-3-isobutylimidazolium chloride (5, 544 mg, 2.5 mmol) in DMF (50 

mL) was added under magnetic stirring. After stirring overnight at room 

temperature, the resulting products were centrifuged at 7000 rpm for 25 minutes, 

and the supernatant was decanted off. The remaining solid material was then 

washed in succession with 150 ml of DMF, 150 ml of acetone (each x 8) at 7000 

rpm for 15-20 minutes. The residue was dried in vacuo, and analyzed by FT-IR, 

TEM, XPS, XRD, and elemental analyzer. 
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2.2.4 Preparation of Graphene Oxide-supported N-Heterocyclic 

Carbene (NHC)-Fe(II) Complex 

 

Graphene oxide-(N-carbonyl)-aminopropyl]-3-(2,4,6-trimethylbenzyl)-imidazol-

ium chloride (GO-IL (6)) (0.42 g, 1.2 mmol/g) was dissolved in THF (50 mL) and 

DMF (40 mL), and charged in a 250 ml two-neck round bottom flask with an egg 

shaped magnetic stirring bar. Iron(II) chloride tetrahydrate (41.7 mg, 0.21 mmol) 

was dissolved in DMF (10 mL), and added to the flask in an oil-bath 80 oC under 

magnetic stirring. To remove proton from imidazolium, 0.23 ml of KOtBu solution 

(1.0 M in THF, 0.23 mmol) was added. After stirring overnight at room 

temperature, the resulting products were centrifuged at 10000 rpm for 1 h, and the 

supernatant was decanted off. The remaining solid material was then washed with 

150 ml of acetone (x 9) with centrifugation at 9000 rpm for 30 minutes. The 

residue was dried in vacuo. The prepared catalyst was analyzed by FT-IR, TEM, 

XPS, XRD, and ICP-AES. 

 

Graphene oxide-[(N-carbonyl)-aminopropyl]-3-isobutyl-imidazo-lium chloride 

(GO-IL (7)) (0.42 g, 1.4 mmol/g) was dissolved in THF (50 mL) and DMF (40 mL), 

and charged in a 250 ml two-neck round bottom flask with an egg shaped magnetic 
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stirring bar. Iron(II) chloride tetrahydrate (41.7 mg, 0.21 mmol) was dissolved in 

DMF (10 mL), and added to the flask in an oil-bath 80 oC under magnetic stirring. 

To remove proton from imidazolium, 0.23 ml of KOtBu solution (1.0 M in THF, 

0.23 mmol) was added. After stirring overnight at room temperature, the resulting 

products were centrifuged at 9000 rpm for 1 h, and the supernatant was decanted 

off. The remaining solid material was then washed with 150 ml of acetone (x 9) 

with centrifugation at 9000 rpm for 30 minutes. The residue was dried in vacuo. 

The prepared catalyst was analyzed by FT-IR, TEM, XPS, XRD, and ICP-AES. 
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2.3 Catalytic Reaction by Graphene Oxide-supported N-

Heterocyclic Carbene-Iron (GO-NHC-Fe) Catalyst 

2.3.1 Fructose Dehydration by Graphene Oxide-supported N-

Heterocyclic Carbene-Iron (GO-NHC-Fe) Catalyst 

 

Fructose dehydration using various catalyst 

Each catalyst (0.02 mmol, 4 mol %) was dissolved in 1,4-dioxane (2 mL), and 

charged in a cylinder type glass reactor with a cross-shaped magnetic stirring bar. 

Fructose (0.5 mmol) was added into the reactor. After stirring (1000 rpm) overnight 

at 100 oC, 0.1 ml aliquot of the resulting products were taken, diluted with 0.1 ml of 

distilled water, and filtered through 0.45 μm syringe filter. The filtered products 

were analyzed by HPLC. 

 

 

Solvent screening of fructose dehydration by GO- NHC-Fe catalyst 

GO-NHC-Fe catalyst (42.87 mg (GO-NHC-Fe (8)), 39.31 mg (GO-NHC-Fe (9)), 

0.02 mmol, 2 mol % of Fe) was dissolved in various solvents (2 mL), and charged 
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in a cylinder type glass reactor with a cross-shaped magnetic stirring bar. Fructose 

(1 mmol) was added into the reactor. After stirring (1000 rpm) overnight at 100 oC, 

0.1 ml aliquot of the resulting products were taken, diluted with 0.1 ml of distilled 

water, and filtered through 0.45 μm syringe filter. The filtered products were 

analyzed by HPLC. 
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2.2.2 Reusability Test of Graphene Oxide-supported N-Heterocyclic 

Carbene-Iron (GO-NHC-Fe) Catalyst 

 

GO-NHC-Fe (8) catalyst (42.87 mg, 0.02 mmol, 4 mol % of Fe) was dissolved 

in 1,4-dioxane (2 mL), charged in a cylinder type glass reactor with a cross-shaped 

magnetic stirring bar. Fructose (0.5 mmol) was added into the reactor. After stirring 

(1000 rpm) overnight at 100 oC, 0.1 ml aliquot of the resulting products were taken, 

diluted with 0.1 ml of distilled water, and filtered through 0.45 μm syringe filter. 

The filtered products were analyzed by HPLC. The used catalyst was washed with 

acetone by using a centrifuge, and dried in vacuum. The reaction cycle was 

repeated 5 times. The used catalyst after 5th cycle was characterized by TEM, XRD, 

and ICP-AES. 
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3. Results and Discussion 

3.1 Preparation and Characterization of Graphene Oxide and 

Graphene Oxide-supported N-Heterocyclic Carbene-Iron (GO-

NHC-Fe) Catalysts 

3.1.1 Preparation and Characterization of N-Heterocyclic Carbene 

(NHC) Ligands 

To prepare N-heterocyclic carbene precursor, 1-(3-aminopropyl)imidazole as a 

starting material was chosen. As shown in Scheme 1, the amine group was 

protected by Boc anhydride, and the Boc protected product was obtained in 90 % 

yield. Di-protected product was not formed because Boc anhydride was added 

dropwise in an ice-bath. 1-[(N-tert-Butoxycarbonyl)aminopropyl]imidazole (1) was 

converted to a quaternary ammonium by adding excess alkyl halide (mesityl 

chloride or isopropyl chloride). The alkylated products were obtained in ca 80 % 

yield. The Boc protecting group of alkylated 1-[(N-tert-butoxycarbonyl)-amino-

propyl]-imidazole was removed by TFA/DCM (1:6) and the deprotected products 

were obtained in 80 % yield. The intermediates and products were analyzed by 1H 

NMR, and their molecular weights were confirmed by mass spectrometry 

(Appendix Figure A.3.b). 
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Scheme 1. Synthesis of N-heterocyclic carbene (NHC) ligand. 
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3.1.2 Preparation and Characterization of Graphene Oxide 

As shown in Figure 2, graphene oxide (GO) was prepared by chemical 

exfoliation. The functional groups of GO were verified by FT-IR. As shown in 

Figure 3, the broad peak at around 3184 cm-1 represents O-H bonds of carboxylic 

acids and hydroxyl groups, and the peak at 2980 cm-1 represents C-H stretch. The 

strong band at 1739 cm-1 represents C=O bonds of carboxylic acids, the bands at 

1225 cm-1 and 1058 cm-1 are attributed to the C-OH and C-O(epoxy) groups in GO, 

respectively. Thus, it was confirmed that graphene oxide has hydroxyl group, 

epoxy group and carboxylic group. As shown from XPS data (Figure 4), the peaks 

of C 1s and O 1s appeared, which indicates that GO is composed of C and O atoms. 

The sheet structure of GO was confirmed by TEM analysis. As shown in Figure 5, 

GO has a single-layer sheet structure. 
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Figure 2. Preparation of graphene oxide. 

 

 

Figure 3. FT-IR Spectrum of graphene oxide. 
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Figure 4. XPS Spectra of graphene oxide. 

 

 

Figure 5. TEM Image of graphene oxide. 
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3.1.3 Preparation and Characterization of Graphene Oxide-supported 

N-Heterocyclic Carbene (NHC) Ligand (GO-ILs) 

 

As shown in Scheme 2, NHC ligand was coupled to graphene oxide through 

amide bond formation. From elemental analysis, we found that the loading levels 

of NHC ligand precursor on GO-ILs were 1.2 and 1.4 mmol/g. The amide bond 

was verified by FT-IR and XPS analysis. In the FT-IR spectra, the peaks of 

carbonyl group at 1739 cm-1 were shifted to the 1614 cm-1 (Figure 6(a)) and 1649 

cm-1 (Figure 6(b)), which indicates the formation of amide bond. In addition, the 

peaks at 1152 cm-1 (Figure 6(a)) and 1160 cm-1 (Figure 6(b)), which correspond to 

the imidazolium groups, indicate the formation of IL group on GO. Being different 

from XPS spectra of GO (Figure 4), XPS spectra of GO-ILs contains the peaks at 

401.3 eV (GO-IL (6)) and 401.1 eV (GO-IL (7)), which correspond to the N 1s of 

the quaternary ammoniums, and the peaks at 399.3 eV (GO-IL (6)) and 399 eV 

(GO-IL (7)), which correspond to the N 1s of the trialkylamines (Figure 7). In 

addition, XPS spectra contains the peaks at 201 eV (GO-IL (6)) and 200 eV (GO-

IL (7)), which correspond to the Cl 2p of free chloride anion (Figure 7). Thus, it 

was confirmed that NHC ligand precursor was well attached to GO. As shown in 

TEM images, the morphology of GO remained intact despite of surface 

modification of GO (Figure 8). 
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Figure 6. FT-IR Spectra of GO-ILs (a) 6 (R = mesityl), and (b) 7 (R = isopropyl). 
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Figure 7. XPS Spectra of GO-ILs (a) N 1s of 6 (R = mesityl), (b) N 1s of 7 (R = 

isopropyl), (c) Cl 2p of 6 (R = mesityl), and (d) Cl 2p of 7 (R = isopropyl) 

(Continued).  
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Figure 7. XPS Spectra of GO-ILs (a) N 1s of 6 (R = mesityl), (b) N 1s of 7 (R = 

isopropyl), (c) Cl 2p of 6 (R = mesityl), and (d) Cl 2p of 7 (R = isopropyl). 
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Figure 8. TEM Images of GO-ILs (a) 6 (R = mesityl), and (b) 7 (R = isopropyl). 

 

 

 

 



- 38 - 

 

3.1.4 Preparation and Characterization of Graphene Oxide-supported 

N-Heterocyclic Carbene (NHC)-Fe(II) Complex 

 

In order to form a metal complex with GO-IL, GO-IL was treated with a base 

and FeCl2 (Scheme 3). The results of ICP analysis revealed that the loading levels 

of Fe in GO-NHC-Fe were 0.49 (8) and 0.51 (9) mmol/g. The carbene-metal bond 

was verified by FT-IR and XPS analysis. From the FT-IR spectra, we confirmed 

that the peak intensity at 1152 cm-1 (Figure 9(a)) and 1160 cm-1 (Figure 9(b)), which 

correspond to the imidazolium, was decreased. It proves the formation of NHC-Fe 

complex. XPS spectra of GO-NHC-Fe also show that the peak at 401.3 eV 

decreased and the peak at 399.3 eV increased comparing with GO-IL (6), and the 

peak at 401.1 eV decreased and the peak at 399 eV increased comparing with GO-

IL (7) (Figure 10). Comparing the peaks of N 1s from GO-IL and those from GO-

NHC-Fe, the percentages of trialkylamines were increased from 39 % to 71 % in 

case of GO-NHC-Fe (8), and from 22 % to 46 % in case of GO-NHC-Fe (9). In 

addition, the peaks from FeII 2p3/2 were also observed at 708.8 eV (GO-NHC-Fe (8)) 

and 709.4 eV (GO-NHC-Fe (9)). The peaks at 198 eV (GO-NHC-Fe (8)) and 199 

eV (GO-NHC-Fe (9)) correspond to metal-chloride coordination peak. Therefore, 

we confirmed that NHC-Fe complex was well formed. The morphology of GO-

NHC-FeII was confirmed by XRD analysis and TEM images. As shown in Figure 
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11, the crystallization form of GO was maintained, iron oxide was not formed, and 

the sheet structure of GO remained intact despite of the formation of NHC-Fe 

complex on GO-IL (Figure 12). 
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Figure 9. FT-IR Spectra of GO-NHC-Fe (a) 8 (R = mesityl), and (b) 9 (R = 

isopropyl). 
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Figure 10. XPS Spectra of GO-NHC-Fe (a) N 1s of 8 (R = mesityl), (b) N 1s of 9 

(R = isopropyl), (c) Fe 2p of 8 (R = mesityl), (d) Fe 2p of 9 (R = isopropyl), (e) Cl 

2p of 8 (R = mesityl), and (f) Cl 2p of 9 (R = isopropyl) (Continued). 
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Figure 10. XPS Spectra of GO-NHC-Fe (a) N 1s of 8 (R = mesityl), (b) N 1s of 9 

(R = isopropyl), (c) Fe 2p of 8 (R = mesityl), (d) Fe 2p of 9 (R = isopropyl), (e) Cl 

2p of 8 (R = mesityl), and (f) Cl 2p of 9 (R = isopropyl). 



- 44 - 

 

 

Figure 10. XPS Spectra of GO-NHC-Fe (a) N 1s of 8 (R = mesityl), (b) N 1s of 9 

(R = isopropyl), (c) Fe 2p of 8 (R = mesityl), (d) Fe 2p of 9 (R = isopropyl), (e) Cl 

2p of 8 (R = mesityl), and (f) Cl 2p of 9 (R = isopropyl). 
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Figure 11. XRD Patterns of natural graphite (black), GO (red), GO-IL (6) (blue), 

GO-IL (7) (green), GO-NHC-Fe (8) (pink), and GO-NHC-Fe (9) (yellow). 

 

Figure 12. TEM Images of GO-NHC-Fe (a) 8 (R = mesityl), and (b) 9 (R = 

isopropyl). 
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3.2 Catalytic Performance of Fructose Dehydration and 

Reusability Test of Graphene Oxide-supported N-Heterocyclic 

Carbene-Iron (GO-NHC-Fe) Catalyst 

3.2.1 Fructose Dehydration by Graphene Oxide-supported N-

Heterocyclic Carbene-Iron (GO-NHC-Fe) Catalyst 

 

Fe(III) catalysts have been normally used for fructose dehydration, however 

their catalytic activity is usually decreased during the reaction because Fe(III) is 

likely to change to Fe(II) state.38 On the other hand, Fe(II) catalysts are stable not 

to change its oxidation state. Therefore, we chose Fe(II) instead of Fe(III). In order 

to confirm the activity of GO-NHC-Fe catalyst, we chose fructose dehydration as a 

model reaction (Table 2). Comparing with other catalysts, GO-NHC-Fe showed the 

best catalytic performance except Amberlyst-15. Amberlyst-15 is known to have an 

excellent catalytic activity, however the active site (sulfonic acid) can be leached 

after using.39 Thus, our catalyst is more suitable catalyst than Amberlyst-15 as a 

reusable catalyst. 

Since production and separation of 5-HMF are important issues in carbohydrate 

transformation, we searched for suitable solvent. In previous studies, DMSO was 
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used for fructose dehydration20, but its boiling point is too high to distill the 

reaction mixture to obtain 5-HMF. Thus, we chose solvents which are more volatile 

than DMSO, and tested the catalytic performance (Table 3). As shown in Table 3, 

fructose was fully converted to 5-HMF in DMSO, and also in 1,4-dioxane and 

MIBK with moderate yield. But, in aqueous condition, fructose was rarely 

converted to 5-HMF because three molecules of water should be removed to push 

the reaction to the product. Meanwhile, GO-NHC-Fe (8) turned out to be more 

reactive than GO-NHC-Fe (9) (Table 3). As mentioned by Onomura et al., mesityl 

ligand could play a key role for the catalytic activity.40 So, GO-NHC-Fe (8) was 

chosen as a catalyst, and 1,4-dioxane as a solvent for reusability test. 
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Table 2. Fructose Dehydration by Various Homogeneous and Heterogeneous Iron 

Catalysts 
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Table 3. Solvent Screening of Fructose Dehydration by GO-NHC-Fe Catalyst 
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3.2.2 Reusability Test of Graphene Oxide-supported N-Heterocyclic 

Carbene-Iron (GO-NHC-Fe) Catalyst 

 

In order to confirm the catalytic stability, we performed reusability test in 1,4-

dioxane (Figure 13). As shown in Figure 13, high yield (~ 80 %) was maintained 

during fifth cycle, and Fe(II) was not leached out during the reaction and washing 

steps. However, 20 % of fructose was not converted to 5-HMF. The selectivity of 

5-HMF was above 99 %. After 5th cycle, the recovered catalyst was characterized 

by TEM, XRD. From TEM image, we found that the morphology of GO was 

maintained, and iron nanoparticles were not formed (Figure 14). From XRD 

patterns, we could confirm that the crystallization pattern of GO remained intact as 

fresh GO-NHC-Fe (8) (Figure 15). 
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Figure 13. Reusability result of GO-NHC-Fe (8). 
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Figure 14. TEM Image of GO-NHC-Fe (8) after 5th recycles. 

 

Figure 15. XRD Patterns of fresh GO-NHC-Fe (8) (Black), and GO-NHC-Fe (8) 

after 5th recycles (Red). 
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4. Conclusion 

 

In this study, we showed that GO-NHC-Fe catalyst exhibited good catalytic activity 

for fructose dehydration. First, we synthesized the catalyst via simple synthesis 

method, and characterized it by FT-IR, 1H NMR, mass spectrometry, elemental 

analysis, TEM, XPS, XRD. Owing to strong σ-donor character of NHC ligand, the 

iron-ligand complex was well formed and the loading level was 0.5 mmol/g. As 

shown in TEM image and XRD patterns, iron nanoparticles were not formed on the 

surface of GO. During chemical modification processes, the morphology of GO 

remained intact. Comparing with other catalysts, GO-NHC-Fe catalyst showed 

good catalytic activity for fructose dehydration and GO-NHC-Fe catalyst 

containing mesityl IL showed better catalytic activity than that with isopropyl IL. 

In addition, this catalyst converted fructose to 5-HMF in over 99 % yield in DMSO 

and 1,4-dioxane. Thus, we chose 1,4-dioxane as a solvent for reusability test due to 

easy of distillation. We confirmed that GO-NHC-Fe catalyst showed good catalytic 

activity for the dehydration of fructose even after 5th run. 
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Abstract in Korean 

 

 사회에  에 지 요가 증  가운데, 이 매스는 고갈 는 

 연료를 체  새 운 에 지원  떠 르고 있다. 이 매스 

에 , 탄  자연계에 풍부 다는 이  매우 주목 고 있 며, 

연료나 합  간체 는 고분자 단량체  같  요  합  

구 요소인 5- 이드 시 틸 루 랄    있다. 그래 , 

매  용매 그리고 첨가  포함 는 여러 요소를 변 시키면  

탄  에 도 특히 토 스를 5- 이드 시 틸 루 랄  

시키는 법이 많이 연구 었지만, 들이 히 해결 지 

다. 이런 들  개  해 , 본 연구에 는 그래  

사이드 고 상에  토 스  탈   진행   철 

매를 고 다. 고  철 매를 합  해 , 매  그래  

사이드를 연결   있는 자가 풍부  N-이종 카  리간드를 

고 다. N-이종 카  리간드는 1-(3- 미노 )이미다졸  

출 질  이용 여 3 단계  통해 80 %  합 다. N-

이종 카  리간드를 커 링시키고 철  도입  그래  사이드 고  철 

매가 토 스 부  5- 이드 시 틸 루 랄  는 데 
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어떤  보이는 지 다양  조건에  인 다. 그 결과, 합  

매는 1,4-다이 인과 100oC 도에  가장 높  매  도를 

보 다. , 합  매는 간단  원심분리를 통해  균일 매보다 

5- 이드 시 틸 루 랄   높   얻   있었고, 이 

감소 지  상태  재사용이 가능 다. 본 연구 결과들  

이 매스 에 쓰이는 존  다른 매들   개 에 도움이  

것  다. 

 

주요어 : 5- 이드 시 틸 루 랄; 그래  사이드; 불균일 매; 

엔-이종 고리 카 ; 토 스; 탈   

번 : 2012-20958 
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Figure A.1. Mass spectra of Boc protected 1-(3-aminopropyl)imidazole (Boc-API). 
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Figure A.2. Mass spectra of alkylated Boc-API (a) 2 (R = mesityl), and (b) 3 (R = 

isopropyl). 
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Figure A.3. Mass spectra of deprotected NHC ligand (a) 4 (R = mesityl), and (b) 5 

(R = isopropyl). 
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