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a b s t r a c t 

The organic compound 2,5-furandicarboxylic acid (FDCA) has been identified by the US Department of 

Energy (DOE) as a valuable platform chemical for a wide range of industrial applications. Currently, the 

most popular route for FDCA synthesis is reported to be the oxidation of 5-hydroxymethylfurfural (HMF) 

by O 2 over the catalysis of noble metals (e.g., Au, Pt, Ru, and Pd). However, the high costs of noble metal 

catalysts remain a major barrier for producing FDCA at an industrial scale. Herein, we report a transition 

metal-free synthesis strategy for the oxidation of HMF to FDCA under O 2 or ambient air. A simple but un- 

precedented process for the aerobic oxidation of HMF was carried out in organic solvents using only bases 

as the promoters. According to the high performance liquid chromatography (HPLC) analysis, excellent 

product yield (91%) was obtained in the presence of NaOH in dimethylformamide (DMF) at room tem- 

perature (25 °C). A plausible mechanism for the NaOH-promoted aerobic oxidation of HMF in DMF is also 

outlined in this paper. After the reaction, the sodium salt of FDCA particles were dispersed in the reaction 

mixture, making it possible for product separation and solvent reuse. The new HMF oxidation approach is 

expected to be a practical alternative to current ones, which depend on the use of noble metal catalysts. 

© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 

1. Introduction 1 

There has been growing interest in sustainable development, 2 

particularly in the production of fuels and chemicals from renew- 3 

able resources. Lignocellulosic biomass is not only the most abun- 4 

dant biomass on earth, but is considered to be a renewable and 5 

carbon neutral resource that has net-zero greenhouse gas emis- 6 

sions [1] . Over the past decades, numerous studies have been car- 7 

ried out on the conversion of non-edible lignocellulosic biomass 8 

into biobased chemicals, which can be used as substitutes for 9 

petroleum-based chemicals. Among these biobased chemicals, 5- 10 

hydroxymethylfurfural (HMF) has been recognized as a versatile 11 

platform chemical that has applications in a diverse range of in- 12 

dustries [2–4] . HMF consists of a furan ring substituted with a 13 

hydroxyl and an aldehyde group in the 2,5-position. The synthe- 14 
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sis of HMF involves the dehydration of fructose or glucose which 15 

can be obtained from the depolymerization of cellulose [5,6] . As 16 

one of the oxidized derivatives of HMF, 2,5-furandicarboxylic acid 17 

(FDCA) is a symmetrical furanic diacid which is considered to be a 18 

promising build block for the production of sustainable polymeric 19 

materials [7,8] . Specifically, FDCA is found to be a biobased and 20 

environmentally friendly substitute for terephthalic acid, which 21 

is widely used in the plastics industry as a monomer for the 22 

manufacture of polyethylene terephthalate (PET) bottles and films 23 

[9] . It has been reported that the FDCA-based poly(ethylene-2,5- 24 

furandicarboxylate) (PEF) products outperformed the traditional 25 

PET ones in many aspects [10] . Besides PEF, researchers have been 26 

experimenting on using FDCA for the production of a variety of 27 

biobased polyesters, polyamides, and polyurethanes [11,12] . Due to 28 

its high potential for industrial applications, FDCA was listed as 29 

one of the twelve top biobased value-added chemicals by the U S 30 

Department of Energy (DOE) in 2004 [13] . Since then, the studies 31 

on the production of FDCA have received significant attention in 32 

both academia and industry. 33 

Although effort s have been made to directly convert carbohy- 34 

drates (e.g., fructose, glucose, and cellulose) into FDCA over mul- 35 

tifunctional catalysts, unsatisfactory performance of direct con- 36 

version methods limits their application. One major drawback of 37 
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direct conversion methods is the occurrence of the unwanted 38 

oxidation of carbohydrates, resulting in the generation of large 39 

amounts of byproducts [14] . Currently, most studies on FDCA pro- 40 

duction use a two-step conversion process in which carbohydrates 41 

are firstly dehydrated to HMF, and then oxidized to FDCA [15] . 42 

When using HMF as a starting material, nearly 100% yields of FDCA 43 

can be obtained in various catalytic oxidation systems [14] . The 44 

conversion of HMF to FDCA is an oxidization process in which 45 

both the hydroxyl and aldehyde groups are oxidized to carboxylic 46 

acid groups [16] . While the selective oxidation of primary alco- 47 

hols into aldehydes has been intensively studied in recent years, 48 

the direct oxidation of primary alcohols to carboxylic acids is still 49 

confined to a limited number of methods [17,18] . In early studies, 50 

FDCA was produced from HMF by using HNO 3 or N 2 O 4 as a ter- 51 

minal oxidant, but the product selectivity was relatively low due 52 

to the generation of byproducts [19,20] . In later reports, FDCA was 53 

produced from HMF by using stoichiometric amounts of KMnO 4 54 

as a terminal oxidant, but the product yield was still not satis- 55 

fying and large amounts of heavy metal waste were produced at 56 

the same time [21] . Recently, tert -butyl hydroperoxide ( t -BuOOH) 57 

was reported to be a suitable terminal oxidant for the oxidation 58 

of HMF into FDCA over the catalysis of transition metal catalysts 59 

[22] . However, this “transition metal/ t -BuOOH” system also had a 60 

few drawbacks, such as low product yields and difficulties in cat- 61 

alyst recycling and product purification [14] . Nowadays, emphasis 62 

has been placed on using O 2 as an economical and environmen- 63 

tally friendly terminal oxidant for the oxidation of HMF to FDCA. 64 

In the past few years, a large number of aerobic oxidation systems 65 

have been successfully applied on the oxidation of HMF to FDCA. 66 

In most cases, supported noble metal catalysts (e.g., Au, Pt, Ru, and 67 

Pd) were essential in these oxidation systems for the activation of 68 

O 2 to obtain high oxidation efficiency of HMF [23–25] . Although 69 

high yields and efficiency could be achieved, these procedures of- 70 

ten required elevated temperatures (50–100 °C), relatively long re- 71 

action times, and the use of expensive catalysts [26] . 72 

Due to the growing awareness of environmental issues, the de- 73 

velopment of transition metal-free oxidation procedures has re- 74 

ceived more and more attention [27] . Recently, the aerobic ox- 75 

idation of alcohols to corresponding ketones or carboxylic acids 76 

under transition metal-free conditions was unexpectedly dis- 77 

covered in several experiments. For example, in a 2009 ex- 78 

periment attempting to prepare a sodium alkoxide salt of a 79 

4-dimethylaminopyridine-derived benzylic alcohol using NaH in 80 

tetrahydrofuran (THF), Wang et al. [28] was surprised to find that 81 

a high yield of ketone was produced from the benzylic alcohol due 82 

to the oxidation of its secondary hydroxyl group. A couple of years 83 

later, the same research group developed a protocol for the NaH- 84 

promoted aerobic oxidation of secondary alcohols in THF and sys- 85 

tematically explored the mechanism of this oxidation method [29] . 86 

Inspired by this work, another research group reported the aero- 87 

bic oxidation of a number of primary alcohols to carboxylic acids 88 

promoted by NaOH or sodium tert -butoxide ( t -BuONa) in THF [17] . 89 

According to a very recent study on a “Na + /azobenzene” aerobic 90 

oxidation system, a primary benzyl alcohol was unexpectedly over- 91 

oxidized to its corresponding carboxylic acid in the presence of 92 

NaOH in 1,4-dioxane [30] . These discoveries led to our hypothesis 93 

that HMF can be oxidized to FDCA in the presence of a base in an 94 

organic solvent. Within this context, the viability of using different 95 

bases to promote the aerobic oxidation of HMF to FDCA in organic 96 

solvents was investigated. 97 

2. Experimental 98 

2.1. Materials 99 

All the reagents (HMF, NaOH, NaH and t -BuONa), solvents 100 

(THF, 1,4-dioxane and DMF), and reference standards (FDCA, 2,5- 101 

bis(hydroxymethyl)furan, 5-hydroxymethyl-2-furancarboxylic acid, 102 

5-formyl-2-furancarboxylic acid and 2,5-diformylfuran) were pur- 103 

chased from Sigma –Aldrich (St. Louis, MO, USA) or Fisher Scientific 104 

(Hampton, NH, USA) and used without further purification. 105 

2.2. Typical reaction procedure for HMF oxidation 106 

All the oxidation experiments were carried out in test tubes 107 

(15 mL) fitted with balloons. In a typical HMF oxidization reaction, 108 

HMF solution and solid base were loaded into a test tube. The test 109 

tube was then connected to a balloon, which was filled with O 2 110 

or ambient air at about atmospheric pressure. The resulting mix- 111 

ture was then stirred continuously at a fixed temperature of 25 °C, 112 

50 °C, 70 °C, or 90 °C. After the indicated reaction time, the reaction 113 

mixture was neutralized using an aqueous H 2 SO 4 solution. 114 

2.3. Analytical procedures 115 

The HMF conversion and the product selectivity were de- 116 

termined by a Shimadzu high-performance liquid chromatogra- 117 

phy (HPLC) (Kyoto, Japan) equipped with a Rezex RFQ column 118 

(100 × 7.8 mm) and a refractive index detector (Model No. RID-6A). 119 

After the completion of each oxidation reaction, the neutralized re- 120 

action mixture was diluted with water and then filtered through 121 

a 0.2 μm PTFE filter prior to HPLC analysis. An aqueous solution 122 

of H 2 SO 4 (2.5 mM) was used as mobile phase at a flow rate of 123 

0.2 mL/min. The column temperature and injection volume were 124 

fixed at 60 °C and 10 μL, respectively. The commercial reference 125 

standards were used for the qualitative and quantitative analyses 126 

of the reaction products. Fourier transform infrared spectroscopy 127 

(FT –IR) analysis was conducted using a PerkinElmer Spectrum Two 128 

IR spectrometer (PerkinElmer, Waltham, MA, USA) at a spectral res- 129 

olution of 2 cm 

−1 . 130 

3. Results and discussion 131 

3.1. Oxidation of HMF in the presence of different bases in THF 132 

Initially, the aerobic oxidation of HMF in the presence of dif- 133 

ferent loadings of NaH, t -BuONa, and NaOH was performed in THF 134 

under O 2 atmosphere at 25 °C for 24 h. In addition, a control ex- 135 

periment was carried out under the same conditions but without 136 

using any base. As expected, no oxidized product was observed in 137 

the control experiment, confirming that the base played a crucial 138 

role in the aerobic oxidation of HMF ( Table 1 , entry 10). HMF is 139 

known as an unstable compound that may undergo degradation 140 

[31] . However, the result of the control experiment also indicated 141 

that HMF was stable in THF without the addition of any base. In 142 

general, t -BuONa showed the highest activity in THF with 32%–74% 143 

yields of FDCA, which might be attributed to its high basicity due 144 

to the tert -butoxide ion ( Table 1 , entries 4–6). On the other hand, 145 

NaH and NaOH had a limited effect on promoting the oxidation of 146 

HMF with only 8%–35% yields of FDCA ( Table 1 , entries 1–3, 7–9). 147 

Since there is no consensus about the optimum amount of base 148 

that should be used, the effect of base loading on the oxidation 149 

of HMF in this oxidation system was also investigated. The results 150 

showed that the FDCA yield increased with an increase of base 151 

loading when NaOH and t -BuONa were used as promoters ( Table 152 

1 , entries 4–9), which probably increased the pH of the solutions, 153 

and thus was favorable for the oxidation of alcohol and aldehyde 154 

groups of HMF. However, the NaH loading increases did not dra- 155 

matically influence the FDCA yield, and the optimum NaH load- 156 

ing was found to be 1.0 mmol ( Table 1 , entry 2). The decreased 157 

FDCA yields in the presence of 2.0 mmol NaH loading could be ex- 158 

plained by the generation of larger amounts of byproducts (data 159 

not shown), which were induced by the increased NaH content. 160 
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