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Abstract: As fossil-based resource depletion intensifies and the use of lignocellulosic biomass gains 

more and more momentum for the development of biorefineries, the production of furans has re-

ceived a great deal of attention considering their outstanding synthetic possibilities. The production 

of 5-hydroxymethylfurfural (HMF) is quite established in the recent scientific literature, with a large 

number of studies having been published in the last few years. Lately, there has been a growing 

interest in the synthesis of 5-chloromethylfurfural (CMF) as a novel building block of similar mo-

lecular structure to that of HMF. CMF has some advantages, such as its production taking place at 

milder reaction conditions, a lower polarity that enables easier separation with the aid of organic 

media, and the presence of chlorine as a better leaving group in synthesis. Precisely the latter aspect 

has given rise to several interesting products to be obtained therefrom, including 2,5-dimethylfuran, 

2,5-furandicarboxylic acid, and 5-methylfurfural, to name a few. This work covers the most relevant 

aspects related to the production of CMF and an array of synthetic possibilities. Through varied 

catalysts and reaction conditions, value-added products can be obtained from this chemical, thus 

highlighting the advances in the production and use of this chemical in recent years. 

Keywords: 5-chloromethylfurfural; biomass; biofuels; biphasic systems; furans; reaction with in situ 

extraction 

 

1. Introduction 

The increasing demand for dwindling fossil fuel-based resources drives innovation 

in the development of biobased and sustainable alternatives. In an effort to abide by dif-

ferent regulations setting targets for net zero emissions by 2050 and promoting the use of 

renewable resources for the development of bioeconomies, biorefineries are emerging as 

an industrial model [1–3]. Thus, a clear focus on an integrated approach to chemical pro-

duction from biomass has been put forward in the last few years. 

Lignocellulosic biomass is vastly abundant, comprising three major fractions, cellu-

lose, hemicellulose, and lignin [4]. Furans are a promising class of platform chemicals 

identified by the United States Department of Energy (DoE) in 2004, and subsequently 

updated in 2010 [5,6]. Furans can be separated into those derived from hexose sugars, e.g., 

5-hydroxymethylfurfural (HMF), and those from pentose sugars such as furfural [7,8] and 

products derived thereof. HMF and furfural owe their proven excellence as platform 

chemicals to the vast array of synthetic upgrade pathways available through the utilisa-

tion of the furan ring and aldehyde groups, with the additional hydroxyl group for HMF 
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[9,10]. Products that can be obtained by different reactions from both furans include bio-

fuels, green solvents, and other molecules that can be used as monomers for the produc-

tion of bioplastics, as is the case of 2,5-furandicarboxylic acid (FDCA) to yield polyeth-

ylene furanoate (PEF), a chemical analogue of polyethylene terephthalate (PET) [9,11]. 

Extensive reviews on the production, applications, and synthetic upgrade possibili-

ties of HMF and furfural have already gained significant traction over recent years [7,8,12]. 

These reviews detail the production of furans using single-phase systems and introduce 

the concept of biphasic reaction with in situ extraction systems as a mitigation strategy to 

prevent reaction to undesired by-products. In this way, selectivity to the desired product 

is not only driven by catalyst design but also by the use of a multiphase operation. HMF 

readily rehydrates under aqueous conditions to levulinic acid (LA) and formic acid (FA), 

with additional self-condensation towards insoluble humin polymers under acidic media, 

which is also present with furfural. In situ product removal through the use of biphasic 

systems is becoming increasingly more widespread as a mitigation strategy to separate 

compounds that may be detrimental to system performance. Liquid–liquid extraction can 

enhance thermodynamically limited reactions and reduce compounds that may affect 

(bio)catalytic operation, as well as keeping molecular catalysts separated from products 

[13,14]. However, HMF as a platform chemical has certain drawbacks such as the ready 

rehydration towards the mentioned undesired side products due to the hydrophilicity 

caused by the hydroxyl moiety which results in limited partitioning in biphasic systems. 

Hence, efforts have been made to identify analogues of HMF that exhibit greater parti-

tioning, such as 5-chloromethylfurfural (CMF) and, to a lesser extent, 5-bromomethyl-

furfural as an alternative halogenated furan [15,16]. CMF is of specific interest due to its 

very similar molecular structure to HMF, but the presence of the chlorine group confers 

CMF with good synthetic possibilities owing to it being a better-leaving group than the 

hydroxyl moiety of HMF. Additionally, this moiety makes its polarity lower, thus allow-

ing potentially better separation by liquid–liquid extraction. Despite the first reports of its 

production dating as far back as 1901, the scarce characterisation (Table 1) of CMF in the 

open literature makes it obvious that there is still a lot to explore about this novel chemical 

[17]. Comparisons between HMF and CMF properties are limited due to the sparse data 

available for CMF; however, it can be noted that the melting point and density are both 

similar as expected. Furthermore, characterisation data such as NMR are provided in 

works such as those by Mascal et al. and Lakmini et al. [18,19]. According to Origin Chem-

icals, it is a white to dark brown chemical with slight solubility in water, where it decom-

poses [20]. Lately, this company has made significant commercialisation efforts for this 

chemical with a particular focus on its ready production from biomass [21]. 

Table 1. Properties of CMF and HMF. 

Name 5-chloromethylfurfural (CMF) 5-hydroxymethylfurfural (HMF) 

Chemical structure 

  
CAS number 1623-88-7 67-47-0 

Canonical SMILES code C1=C(OC(=C1)C=O)CCl C1=C(OC(=C1)C=O)CO 

Molecular formula C6H5ClO2 C6H6O3 

Molecular weight (g/mol) 144.55 126.11 

Boiling point (°C) 137–138 (P = 5 Torr) [22] 350–354 (P = 760 Torr) [23] 

Melting point (°C) 37.8–38.6 [24] 28–33 [23] 

Relative density (g/mL) at T = 33 °C 1.24 [20] 1.24 [23] 

Sustained legislative requirements such as Registration, Evaluation, Authorization and 

Restriction of Chemicals (REACH EC 1907/2006) and Integrated Pollution Prevention and 
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Control (IPPC, EC 1/2008) incentivise the selection of cleaner and sustainable production me-

dia [25,26]. This concept is further bolstered by green metrics, in which holistic process con-

siderations, such as LCA and adherence to green chemistry principles, are of the utmost im-

portance to the sustainable longevity of CMF production [27]. Consideration of the green met-

rics detailed by Sheldon could prove a useful comparative tool for scale-up processes for the 

production of CMF. Specifically, the metrics regarding the use of solvents in the production 

of both HMF and CMF excel in a biphasic system, and effective recycling and reuse of extrac-

tion media would greatly minimise the environmental footprint of these processes [28]. 

Since Mascal’s perspective article in 2019, interest in the production of CMF and its 

synthesis has undergone a significant increase [16]. Here, we summarise some of the fun-

damental aspects of the production of CMF in parallel with HMF and furfural as well as 

the latest developments in this sense, including the possibility of using alternative sol-

vents for the production. In addition, we present a compilation of the relevant value-

added products that can be derived from CMF as a demonstration of the array of possi-

bilities that it offers as building block for biorefineries. These products have a myriad of 

potential use cases, such as 2,5-dimethylfuran (DMF) as a biofuel candidate derived 

through hydrogenation of CMF. Furthermore, potential oxidation products of CMF are 

important polymeric building blocks, namely, FDCA and 2,5-furandicarbaldehyde. 

2. Production of HMF and Furfural  

Most commonly, the production of HMF and furfural through dehydration of hexose 

and pentose sugars, respectively, has taken place under acid-catalysed conditions in mo-

nophasic aqueous media. 

The general reaction towards HMF is shown in Scheme 1, whereas Table 2 highlights 

some examples of studies where HMF is produced from saccharide feedstock, fructose 

and sucrose, and exhibits relatively low yields at 32% [29]. This low yield trend carries 

over to the more complex disaccharide substrates requiring hydrolysis to the fructose and 

glucose monomers before subsequent dehydration to HMF at a yield of 21% [30]. In both 

cases, these poor yields are attained despite the high feedstock conversions observed, 

which is indicative of how this approach leads to a very limited selectivity to HMF. 

 

Scheme 1. Reaction pathway for the production of HMF from hexose sugars under acid-catalysed 

conditions in an aqueous medium. 

Table 2. Selected examples of works on the monophasic production of HMF and furfural from biomass. 

HMF 

Feedstock Catalyst Temperature (°C) Time (min) 
Feedstock Conversion 

(%) 
Yield (%) Ref. 

Fructose 

52 mM 

HCl 

1 M 
160 30 78 32 [29] 

Sucrose 

0.5 M 

H2SO4 

0.5 M 
130 240 90 22 [30] 

Furfural 

Xylose 

52 mM 

H2SO4 

0.1 M 
200 4 98 65 [31] 

Corn cob 

70.6 g·L−1 

PTSA 

0.28 M 
165 48 96 75 [32] 
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Likewise, the production of furfural starting from xylose or complex raw materials 

like corn cob has been widely reported in monophasic aqueous media. In contrast to HMF, 

furfural synthesis utilising both monosaccharides and complex feedstocks observed a 

higher yield at 65% and 75%, respectively [31,32]. These improvements in yields can be 

attributed to the structure of furfural, where the lack of -OH moiety allows for a higher 

partition ratio that leads to less self-condensation to humins (Scheme 2), in addition to the 

impossibility of a rehydration reaction to LA and FA as in the case of HMF. 

 

Scheme 2. Monophasic aqueous reaction pathway of xylose to furfural under acid-catalysed conditions. 

As indicated in Schemes 1 and 2, the monophasic production of HMF and furfural is 

plagued with undesired side reactions resulting in limited yields and selectivity. Thus, 

biphasic reaction systems have been investigated as an alternative. Through this ap-

proach, reaction with in situ extraction can take place; this is presented as both a mitigation 

and intensification strategy for the production of furans from biobased substrates, as de-

picted in Figure 1. This hybrid unit operation combines reaction and separation by extrac-

tion into a single unit operation, which can also lead to significant capital and operating 

expenses upon scale-up, thus aligning with the philosophy of Process Intensification [33]. 

 

Figure 1. Biphasic production of HMF and furfural from hexose and pentose sugars, respectively, 

under acid-catalysed conditions. 
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Table 3 presents a selection of works detailing the biphasic production of HMF and 

furfural. With a broad body of literature available, these works showcase the range of 

solvents, feedstock, and some catalysts [8,34]. What is remarkable to observe is that yields 

of HMF as high as 78% and 81% were realised after relatively short reaction times of 10 

and 16 min, respectively. These examples both used fructose, the simplest sugar, as feed-

stock, with gamma valerolactone (GVL) and methyl isobutyl ketone (MIBK) as extraction 

solvents [35,36]. Glucose is also a simple hexose monomer; however, isomerisation to-

wards fructose must occur before further dehydration towards HMF, which accounts for 

the decreased yields of 40% reported with a tetrahydrofuran (THF) extraction solvent [37]. 

This isomerisation is driven by the Lewis acidity of the catalysts [30]. Finally, other start-

ing materials like cellulose have been used as initial substrate. In the example provided, 

yields of 49% were obtained using FeCl3-CuCl2 as catalyst rather than other, simpler ho-

mogeneous catalysts [38].  

Table 3. Selected examples of works on the biphasic production of HMF and Fur. 

HMF 

Feedstock Polar/Non-Polar Catalyst 
Temperature 

(°C) 

Time 

(min) 

Feedstock Con-

version (%) 
Yield (%) Ref. 

Fructose 

50 mM 

H2O/GVL 

1/9 

HCl 

10 mM 
100 10 90 78 [35] 

Cellulose 

50 mM 

H2O (with NaCl)/1-

butanol 

1/1 

FeCl3-CuCl2 

0.02 M 
190 45 91.3 49 [38] 

Fructose 

0.5 M 

H2O/MIBK 

1/4 
H2SO4 0.05 M 155 16 96 81 [36] 

Glucose  

25 mM 

H2O (with NaCl)/THF 

1/3 

AlCl3 

25 mM 
140 90 90 40 [37] 

Furfural 

Corn cob 

26.7 g·L−1 

Water/GVL 

1/4 

H2SO4 

10 mM 
190 20 - 99.5 [39] 

Arabinose 

2 mM 

H2O/2-butanone  

1/4 

[BMIM]Cl-

AlCl3 

1:1 (IL ratio) 

140 30 100 60 [40] 

Xylose 

0.25 mmol 

[ChCl:OA]/MIBK 

1/1 

AlCl3·6H2O 

0.125 mmol 
100 40 44.8 84.8 [41] 

Xylose 

80 mM 

H2O/MIBK 

1/1 

HCl 

0.1 M 
170 30 93 85 [42] 

Xylan 

14 mM 

H2O (with 

NaCl)/GVL 

1/4 

Al2(SO4)3 10 

mM 
160 30 99 87.8 [43] 

Furfural production is also detailed in Table 3, with yields generally observed to be 

higher than those of HMF, which can be attributed to the enhanced partitioning between 

phases, limiting side reactions and hence also improving selectivity to the furan. A variety 

of feedstocks were presented for furfural production, such as arabinose, xylan, corn cob, 

and xylose. These selected articles include an array of catalysts, as is the case of ionic liquid 

(IL) [BMIM]Cl-AlCl3, which highlights the emergence of alternative solvent types in these 

biphasic systems [40]. Furthermore, deep eutectic solvents (DES) have also been employed 

as a reaction medium, for example, the use of ChCl and oxalic acid (OA) in a molar ratio 

of 1:1, with MIBK serving as extraction phase. This system achieved a yield of 44.8% with 

around 84.8% conversion of the xylose substrates utilising AlCl3·6H2O as catalyst to pro-
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vide the necessary Brønsted acidity [41]. In another example of biphasic furfural produc-

tion, corn cob was used as starting material providing a yield of furfural of 99.5% with 

H2SO4 in just 20 min, although it is worthwhile to highlight the high temperature of 190 

°C needed [39]. Finally, the yields from xylan and xylose substrates are similar, at 87.8% 

and 85%, respectively, although at a lower temperature of 130 °C for xylan as opposed to 

170 °C for xylose, in correspondence with the higher complexity of the substrate, which 

requires its hydrolysis before dehydration [42,43]. 

3. Production of CMF 

HMF presents issues with its ready rehydration to undesired by-products in aqueous 

reaction systems, which can occur to a significant extent considering the relatively limited 

extraction despite the use of biphasic systems for in situ extraction. This is undoubtedly a 

matter of concern in devising the large-scale implementation of the production of this 

chemical. For this reason, CMF is proposed as an HMF analogue chemical with enhanced 

partitioning from aqueous media due to the lack of -OH moiety and enhanced synthetic 

upgrading possibilities stemming from the -Cl leaving potential of the group [15]. CMF as 

a product in the context of the bioeconomy has been gaining momentum in the last years 

and significant progress is being made towards its cleaner production. Biphasic produc-

tion of CMF, shown in Figure 2, can be detailed through the dehydration of hexose mon-

omers under Brønsted acid-driven conditions followed by subsequent chlorination with 

a suitable chlorine donor, this being HCl in most cases [44]. 

 

Figure 2. Biphasic reaction with in situ extraction of CMF from hexose monomers under acid-cata-

lysed conditions. 

The chlorination of HMF towards CMF is described in Scheme 3; this is an SN1 mech-

anism in aqueous media. The exact location of the chlorination towards CMF, either oc-

curring in the aqueous or organic phase, is still in contention. Mascal notes that evidence 

indicates that the latter may be more likely as the yields of CMF are tied to the partitioning 

of HMF into the organic phase [16]. 
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Scheme 3. Chlorination of HMF towards CMF through SN1 mechanism under acid-catalysed con-

ditions in aqueous media. 

3.1. CMF Production from Sugar Monomers and Dimers 

The first mention of CMF as a target product was by Fenton et al. in 1901, wherein 

the production of this halogenated furan derivate was described through the addition of 

ether to levulose under the catalytic effect of HCl. This process yielded CMF in undis-

closed amounts but started the development of halomethyl furfurals [17]. Table 4 details 

CMF synthesis from simple sugar monomers or dimers and is presented in chronological 

order to highlight the developments throughout recent years. The vast majority of systems 

use HCl in varying concentrations as the catalyst to promote the chlorination of CMF in 

addition to supplying the required Brønsted activity for sugar dehydration. Notable high 

yields were described from fructose at mild reaction conditions with yields of 80% 

through the use of CHCl3 and dichloromethane (DCM) as an extraction solvent [45,46]. 

Furthermore, aqueous biphasic systems with toluene reported yields of 72% and 81.9% 

from fructose substrates at mild reaction temperatures of 65 °C and 80 °C, respectively 

[47,48]. The proliferous use of halogenated extraction solvents is aptly detailed with 1,2-

dichloroethane (DCE) as the most commonly employed extraction solvent for the biphasic 

production of CMF, with other halogenated solvents such as DCM, chloroform, 1,1,2-tri-

chloroethane (TCE), and tetrachloroethane (4CA) also being recurrent [19,46,49–51]. How-

ever, with green chemistry principles in mind, efforts have been made to steer away from 

halogenated extraction solvents, with alternatives such as toluene, anisole, and MIBK pre-

sented [52]. Two additional production methods with an HCl catalyst from fructose and 

a DCE extraction phase are detailed, with high yields reported at 71% and 85% [53,54]. 

Glucose as a starting feedstock delivers lower yields than those with fructose using the 

same catalyst (HCl) and DCE extraction phase. This reduction is attributed to the initial 

isomerisation of glucose to fructose monomers that must occur before subsequent dehy-

dration steps can occur, with reported yields of 64%, 17%, and 38% [55–57]. 

Initial work has begun on researching the kinetic model of CMF production through 

hexose dehydration, with two major works detailing a batch method and a continuous 

system. The first of these methods, detailed by Antonyraj et al., described the production 

of CMF through the dehydration of glucose, with an HCl catalyst, and subsequent extrac-

tion with DCE yielding an activation energy of 31 kJ·mol−1 for CMF formation [57]. The 

reaction pathway proposed additionally included the parallel reactions to LA, FA, and 

humins in addition to the isomerisation back towards HMF in both the aqueous and or-

ganic phases. Rojahn et al. presented a novel continuous method of CMF production with 

the catalytic activity of HCl, through a micro and milli-structured coiled flow inverter, 

wherein the results indicate that no discernible side products from CMF or HMF interme-

diates were formed [58]. The reported activation energy of CMF formation from HMF at 

74 ± 25 kJ·mol−1 was higher than the batch methodology; however, the benefits of highly 

selective production were present. Furthermore, this continuous method also utilised a 

green extraction solvent in the form of anisole rather than the typically halogenated DCE, 

which despite environmental benefits still leaves room for further identification of effec-

tive green solvents as an alternative. 
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Table 4. Summary of works on the production of CMF from sugar monomers or dimers in biphasic systems. 

Feedstock Polar Phase/Non-Polar Phase Catalyst Temperature (°C) Time (h) CMF Yield (%) Ref. 

Sucrose 

0.12 M 

H2O/DCM 

1/1 

HCl 

32 wt.% 
100 0.04 51 [46] 

Fructose 

0.12 M 

H2O/DCM 

1/1 

HCl 

32 wt.% 
100 0.04 80 [46] 

Glucose 

0.12 M 

H2O/DCM 

1/1 

HCl 

32 wt.% 
100 0.04 15 [46] 

Fructose 

0.132 M 

H2O (with LiCl)/Toluene  

10.5 g·L−1 

HCl 

32 wt.% 
65 3 72 [47] 

Fructose 

0.17 M 

H2O/DCE 

1/2 

HCl 

(Conc.) 
80 0.25 71 [53] 

Fructose 

0.005 M 

H2O/CHCl3 

1/3 

HCl 

(25 wt.% 
45 10 80 [45] 

Fructose 

33.3 g·L−1 

H2O/DCE 

1/2 

HCl 

37 wt.% 
70 0.16 85 [54] 

Fructose 

0.005 M 

[ChCl:fructose (1:5)]/MIBK 

1/10 

AlCl3·6H2O 

0.005 M 
120 5 50.3 [52] 

Sucrose 

0.005 M 

[ChCl:fructose (1:5)]/MIBK 

1/10 

AlCl3·6H2O 

0.005 M 
120 5 17.8 [52] 

Glucose 

1.5 M 
H2O/4CA 

HCl 

6 M 
110 1 29 [49] 

High-fructose corn syrup 

37 wt.% 

H2O/DCM 

2/3 

HCl 

37 wt.% 
100 0.32 85 [51] 

Glucose 

2.1 wt.% 

H2O/DCE 

1/2 

BTBAC 

0.2 wt.% 
90 3 64 [55] 

Glucose and xylose 

5 wt.% 

H2O/DCE 

1/2 

BTBAC 

0.05 wt% 
100 3 17 [56] 

Fructose 

1 wt.% 

H2O/Toluene 

1/2 

HCl 

37 wt.% 
80 4 81.9 [48] 

Sucrose 

1 wt.% 

H2O/Toluene 

1/2 

HCl 

37 wt.% 
100 4 70.2 [48] 
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Fructose 

0.002 M 

[ChCl:OA (5:6)]/DCE 

1/2 

AlCl3·6H2O 

hydrolyses to HCl 

0.015 M 

120 0.5 86 [59] 

Sucrose 

0.002 M 

[ChCl:OA (5:6)]/DCE 

1/2 

AlCl3·6H2O 

hydrolyses to HCl 

0.015 M 

120 0.5 80 [59] 

Glucose 

0.05 M 

H2O/DCE 

1/2 

HCl 

37.2 mmol 
80 2 38 [57] 

Fructose 

10 g·L−1 
H2O/anisole 

HCl 

26% 
90 0.07 79 [58] 
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3.2. CMF Production from Real Biomass Sources 

Economically viable process development will require the use of real biomass rather 

than sugar monomers for the production of platform chemicals in a biorefinery context. 

Table 5 provides an overview of the development of CMF processes in which biomass is 

utilised as the initial feedstock. In the new century, Mascal et al. presented an initial 

method of CMF production through the dehydration of microcrystalline cellulose under 

concentrated HCl as catalyst in an aqueous medium and 1,2-dichloroethane (DCE) as ex-

tractive phase. The aqueous phase included LiCl as additive to promote a salting-out ef-

fect and hence enhance the migration of CMF to the organic phase [18]. However, this 

process required long reaction times at 30 h and large amounts of solvents. For this reason, 

it was subsequently refined through an increase in temperature from 65 °C to 100 °C and 

the removal of LiCl. These changes decreased the reaction time to 2 h, decreased the aque-

ous to organic ratio from 1:5.5 to 1:2, and increased the yield to 84% from 71% [60]. As can 

be seen, further advancements were made after Mascal et al.’s efforts in 2008 [18] and 2009 

[60], through a focus on decreasing the reaction times and changes of initial substrate such 

as eucalyptus kraft pulp, Norway spruce softwood, eucalyptus hardwood, palmarosa, 

lemon grass, and citronella grass [61,62]. High lignin content in complex biomass is a sig-

nificant issue and generally hinders biobased chemical production from carbohydrate ba-

ses. This can be seen from the relatively low yields of eucalyptus kraft pulp, Norway 

spruce softwood, and eucalyptus hardwood at 21.3%, 33.7%, and 47.4% [61]. Further com-

plex biomass such as corn stover and sugarcane bagasse exhibited good yields of 63% and 

80%, respectively, with DCE as an extraction solvent and HCl as catalyst [63,64]. Bhat et 

al. detailed the use of microcrystalline cellulose as feedstock using ZnCl2 as a catalyst, 

which partially solubilized the cellulose, suppressing side reactions to achieve a reasona-

ble yield of 72% [65]. 

In an effort to address the circular economy and the valorisation of food waste by-

products, additional efforts have been made using rice-based food waste as a local sus-

tainable starting material, which could help mitigate the overall negative footprint of a 

CMF production process. A simple methodology describing the use of four types of rice 

waste was detailed, wherein 4 wt.% of rice bran, rice hull, broken white rice, and imma-

ture brown rice were added to a glass vessel containing 32% HCl and chloroform as ex-

traction solvent. In this process, the reaction was heated at 100 °C for two hours and the 

corresponding CMF-rich oil was extracted and analysed providing yields of 22.7, 29.6, 

52.2, and 48%, respectively [19]. A continuous method of production with a coiled flow 

inverter reactor was presented in which anisole, a green solvent, was fed continuously to 

produce CMF at a yield of 79% at a residence time of 256 s [58]. The highest CMF yield 

(96.70%) was reported by Moron et al. under low temperature and ambient pressure con-

ditions from initial hydrolysis of aspen wood chips followed by downstream saccharifi-

cation [66]. 

In general, from this account it is obvious that homogeneous catalysts have been used 

for the conversion to CMF, with a clear prevalence of HCl and AlCl3. Their function in this 

case is not only to provide acidity to the medium for the reaction mechanism to take place, 

but also to act as chlorine donors to form CMF. In this sense, it is worthwhile to remark 

that DES can be employed as reaction phase, where ChCl can act as Cl donor in addition 

to the fact that using this polar medium instead of water as reaction phase helps to miti-

gate the progress of the production of humins and the rehydration of the intermediate 

HMF species to levulinic acid and formic acid. One example of this is the use of ChCl:fruc-

tose (1:5) or different combinations of ChCl as hydrogen bond acceptor (HBA) with hy-

drogen bond donors (HBD) in different ratios, such as inulin and sucrose, providing yields 

of 50.3%, 22.6%, and 17.6%, respectively [52]. Further investigations of alternative DES 

have been made wherein ternary solvents were tested. In this effort, different combina-

tions of ChCl were tested, first with different organic acids such as oxalic acid (OA), and 

malic, citric, formic, succinic, and acetic acid. Subsequently, a series of chlorine salts were 
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combined with ChCl and OA, with AlCl3·6H2O outperforming the rest, indicating a 

ChCl:OA:AlCl3·6H2O (12.5:15:2) DES as the optimal reaction phase. This DES was re-

ported to hydrolyse to create the Brønsted acidity for dehydration to CMF. Reported re-

sults indicate excellent yields of 86% and 80% from fructose and sucrose as substrates, 

respectively [59]. In that work, Chen et al. also present a potential reaction mechanism for 

the chlorination of the HMF intermediate formed, shown in Scheme 4, wherein it is sug-

gested that the two DES constituents containing Cl behave as donors to different extents. 

 

Scheme 4. Proposed HMF halogenation towards CMF using DES, adapted from Chen et al. [59]. 

This plausible mechanism suggests that the major chlorine source is the HBA com-

ponent of the DES, in this case, the ChCl. This presents the possibility of CMF production 

without the addition of concentrated HCl as production processes currently use, with the 

subsequent potential avoidance of the use of this highly corrosive compound. However, 

this brings into question the viability of working with DES due to its high viscosity and 

difficult regeneration if degraded by excess water produced through dehydration. In ad-

dition, the self-consuming system, ChCl:OA (5:6), will require some form of chlorine re-

placement to ensure continued functionality. 

Finally, with an eye towards the kinetics of CMF production from biomass, Barman 

et al. present an energy-efficient and eco-friendly UV-ultrasonic synthesis of CMF from 

soluble starch using a continuous flow-packed bed reactor using a smopex-101 and TiO2 

catalyst, with the first heterogenous kinetics reported. The developed kinetic model for-

mulated revealed activation energies for the soluble starch hydrolysis, glucose dehydra-

tion, and principally the chlorination of HMF at values of 79.04, 61.55, and 52.20 kJ·mol−1, 

respectively. This study additionally utilised an LCA to identify cyclohexane as an extrac-

tion solvent in conjunction with the smopex-101 and TiO2 dual catalytic system to achieve 

CMF purity approaching 96% [67]. 

Considering the current lack of works reporting kinetic models to describe the pro-

duction of CMF both from simple and more complex feedstock, the generation of further 

models under different conditions and different catalysts is an area that needs further de-

velopment. These studies are crucial for subsequent reactor design as well as process de-

sign and simulation and their subsequent techno-economic analysis, which will help de-

termine the viability of process implementation. 
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Table 5. Summary of works on the production of CMF from biomass, where a refers to wt.% of the polar phase. 

Feedstock Polar Phase:/Non-Polar Phase Catalyst Temperature (°C) Time (h) CMF Yield (%) Ref. 

Microcrystalline cellulose 

1.4 wt.% a 

H2O (with LiCl)/DCE 

1.5/5  

HCl 

(Conc.) 
65 30 71 [18] 

Microcrystalline cellulose 

1 wt.% a 

H2O//DCE 

1/2 

HCl 

(Conc.) 
100 2 84 [60] 

Eucalyptus kraft pulp 

0.02 wt.% a 

H2O/CHCl3 

4/5 

H3PO4 

85 wt.% 
45 20 21.3 [61] 

Norway spruce softwood 

0.02 wt.% a 

H2O/CHCl3 

4/5 

H3PO4 

85 wt.% 
45 20 33.7 [61] 

Eucalyptus hardwood 

0.02 wt.% a 

H2O/CHCl3 

4/5 

H3PO4 

85 wt.% 
45 20 47.4 [61] 

Cellulose 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 70 [50] 

Agarose 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 54 [50] 

Rice straw 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 57 [50] 

Barley straw 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 68 [50] 

Wheat straw  

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 61 [50] 

Triticale 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 59 [50] 

Rape stem 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 53 [50] 

Grass (Miscanthus sinensis var. purpurascens) 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 58 [50] 

Reed (Phragmites communis, Trin.) 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 59 [50] 

Paper 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 51 [50] 

Fibreboard 

16.7 g·L−1 

H2O/TCE 

1/1 

HCl 

37 wt.% 
90 1 42 [50] 

Inulin 

0.005 M 

[ChCl:fructose (1:5)]/MIBK 

1/10 

AlCl3·6H2O 

0.005 M 
120 5 22.6 [52] 

Sugarcane bagasse 

1 wt.% 

H2O/DCE 

1/2 

HCl 

37 wt.% 
90 3 81.9 [64] 

Corn stover H2O/DCE HCl 100 2 63 [63] 
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10 wt.% 1/2 37 wt.% 

Palmarosa 

20 wt.% a 

H2O (with NaCl)/CHCl3 

1/3 

HCl 

37 wt.% 
100 1 76.5 [62] 

Lemon grass 

20 wt.% a 

H2O (with NaCl)/CHCl3 

1/3 

HCl 

37 wt.% 
100 1 72.4 [62] 

Citronella grass 

20 wt.% a 

H2O (with NaCl)//CHCl3 

1/3 

HCl 

37 wt.% 
100 1 65.8 [62] 

Cellulose 

0.002 M 

[ChCl:OA (5:6)]/DCE 

1/2 

AlCl3·6H2O 

hydrolyses to HCl 

0.015 M 

120 0.5 30 [59] 

Bamboo 

0.002 M 

[ChCl:OA (5:6)]/DCE 

1/2 

AlCl3·6H2O 

hydrolyses to HCl 

0.015 M 

120 0.5 29 [59] 

Bamboo pulp 

0.002 M 

[ChCl:OA (5:6)]/DCE 

1/2 

AlCl3·6H2O 

hydrolyses to HCl 

0.015 M 

120 0.5 35 [59] 

Microcrystalline cellulose 

1.7 wt.% 

H2O/DCE 

2/3 

ZnCl2 

3.4 wt.% 
80 2 72 [65] 

Rice Bran 

4 wt.% 

H2O/CHCl3 

1/4 

HCl 

32% 
100 2 22.7 [19] 

Rice hull 

4 wt.% 

H2O/CHCl3 

1/4 

HCl 

32% 
100 2 29.6 [19] 

Broken white rice 

4 wt.% 

H2O/CHCl3 

1/4 

HCl 

32% 
100 2 52.2 [19] 

Immature brown rice 

4 wt.% 

H2O/CHCl3 

1/4 

HCl 

32% 
100 2 48 [19] 

Soluble starch 

20 g·L−1 

H2O/cyclohexane 

1/1.5 

Smopex-101 and TiO2:ChCl 

0.1 g 
80 1 58.75 [67] 

Glucose hydrolysate derived from Aspen 

wood chips 

(3.03 wt.% glucose, 0.07 wt.% mannose, 0.090 

wt.% xylose) 

H2O/chlorobenzene 

1/2 
HCl 90 2 96.70 [66] 
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3.3. Considerations and Tools for Solvent Selection in the Biphasic Production of CMF and Other 

Furans 

Solvent selection in the context of biorefineries remains crucial in the development 

of cleaner effective biphasic systems, wherein a balance must be struck between the ex-

tractive capability and the environmental and health and safety (EHS) profile of the sol-

vent. Concerning the latter aspect, several solvent selection guides have been proposed 

throughout the years, with the CHEM21 guide providing a valuable tool to assess their 

profile based on physicochemical properties (e.g., flash or boiling points) as well as regu-

latory (REACh) and global harmonized systems hazard statements [68]. As for extraction 

capability, a method for screening potential solvent candidates is the use of Hansen solu-

bility parameters (HSPs). These HSPs consist of three major terms, δD for dispersion, δP 

for polarity of the dipole moment, and δH for hydrogen bonding [69]. Lane et al. present 

the HSPs of a range of solvents, here presented in Figure 3, to which we have added the 

HSPs of CMF and H2O. These CMF values were calculated using Hansen Solubility Pa-

rameters in Practice (HSPiP) software, version 5.4.08. The solvents present are as follows, 

tetrachloroethane 4CA, DCM, TCE, toluene (Tol), DCE, and perchloroethylene (PCE) [49]. 

It can be seen that the dominating HSP in water is δH, which follows due to the nature of 

the molecule, wherein this is largely different to the δH of both the organic solvents and 

CMF, indicating a degree of immiscibility between the polar and non-polar phase. 

 

Figure 3. HSP for CMF and a selection of solvents, adapted from Lane et al. with the addition of 

calculated CMF HSP [49,70]. 

The advantage of using HSP calculations allows for the identification of effective sol-

vents for CMF solubility through the prediction of the likelihood of CMF solubility in both 

the reaction and extraction phases. These works coupled with descriptions of mild reac-

tion conditions and low-toxicity reagents and solvents allow for the development of truly 

green processes. An additional measure that could be utilised for effective solvent screen-

ings for CMF is the COnductor-like Screening MOdel for Real Solvents (COSMO-RS) [71]. 

This semi-quantitative quantum chemistry approach has already seen successful imple-

mentation for both HMF and furfural solvent screenings [34], and as such could likewise 

be used for screenings with CMF. The advantage of this computational approach hinges 

on the ease of rapid large-scale screenings for prediction of partition coefficients, identi-

fying effective solvents to then be experimentally validated. Figure 4 presents σ-profiles, 

or probabilistic charge distributions of three common extraction solvents, MIBK, DCE, 
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and DCM, for solutes HMF, CMF, and furfural, and H2O as the solvent from which ex-

traction would take place. Additionally, the COSMO-RS-generated charge surfaces are 

also provided, allowing for simple identification of matching regions for both HBD and 

HBA regions, alongside the non-polar region. In general, as in the “like-dissolves-like” 

rule, the more similar the σ-profiles between different compounds, the higher the likeli-

hood of interaction between them and hence their mutual solubility. These σ-profiles can 

be used for the calculation of chemical potentials and the latter can be employed to deter-

mine fluid phase equilibria among others [71]. 

 

Figure 4. σ−profiles and COSMO surfaces of three commonly used extraction solvents (MIBK, DCE, 

and DCM) alongside HMF, furfural, and CMF of the lowest energy (c0) conformers. 

4. Overview of the Synthetic Possibilities of CMF 

The vast array of potential derivatives from CMF is one of the main attractions of this 

halogenated HMF analogue as a biobased platform chemical building block. Although 

CMF is unsuitable as a direct-use monomer, synthetic upgrading under various condi-

tions allows for final-stage use as biofuels, herbicides, and pharmaceutical precursors, 

among others [72–74]. This section is dedicated to the common one-step or one-pot reac-

tions of CMF to a target derivative. Figure 5 provides a brief overview of the numerous 

reaction pathways available for the synthetic upgrading of CMF, among which are rehy-

dration, hydrogenation, oxidation, esterification, etherification, amination, and others. 
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Figure 5. CMF as a platform chemical candidate. 

4.1. Rehydration and Hydrolysis 

Discussion of CMF rehydration to HMF and LA (Scheme 5) is imperative due to the 

relative ease of reaction through mild conditions. Mascal et al. report a high molar yield 

of HMF (86%) with a comparatively low LA yield of (10%) at 100 °C after 30 s [75]. This 

reaction was undertaken in the absence of a catalyst and performed remarkably well at 

such short reaction times. Continuous rehydration processes have been additionally de-

scribed with the formation of HMF through a continuous flow device operating at 100 °C 

and a residence time of only 2.5 min. This system leveraged the flow of a continuous aque-

ous phase with interspersed organic extraction media THF to act as a biphasic system with 

moderate HMF selectivity of 71% with an accompanying 20% presence of LA [46]. 

 

Scheme 5. Rehydration products of CMF towards HMF and LA [75]. 

Hydrolysis of CMF to HMF was reported with a reasonable molar yield of 72% at 100 

°C under continuous flow conditions with a space-time of 1 min using 4 wt.% CMF in 

acetone solution and subsequently extracted with ethyl acetate (Scheme 6) [76]. This HMF 

product was then utilised through further hydrogenation to 2,5-bis(hydroxymethyl)furan, 

a precursor for polymeric materials and resins. 
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Scheme 6. CMF hydrolysis followed by extraction with ethyl acetate [76]. 

4.2. Hydrogenation and Reduction 

Catalytic hydrogenation of CMF leads to the formation of DMF which is an exciting 

single-monomer biofuel candidate, with the advantages of removing the need to retrofit 

conventional internal combustion engines and minimising the production of water as seen 

with other biofuel additives like ethanol. Furthermore, the energy value of DMF is similar 

to that of both petrol and diesel at 31.5 MJ·L−1, 31.9 MJ·L−1, and 34.9 MJ·L−1, respectively 

[15,77]. DMF synthesis typically occurs through the intermediate generation of 5-methyl-

furfural (5MF), which can also be isolated for use as a food additive or synthetic interme-

diate [78]. Scheme 7 presents the synthesis of 5MF from CMF through the use of a Pd/C, 

toluene, and (C2H5)3N at 40 °C for 7 h, which realised a yield of 97% with an initial 6.92 

mmol CMF [79]. 

 

Scheme 7. Hydrogenation of CMF to 5MF [79]. 

A high yield of 5MF was also achieved (91%) in an H2O/toluene biphasic system un-

der mild conditions again using a Pd/C catalyst [80]. This biphasic system was used as 

this synthesis was part of a series of steps required to synthesise DMF. Additionally, in a 

different approach, Lund et al. presented the use of electrochemical cells to initiate the 

reduction of furans, specifically HMF and CMF, towards 5MF in a single unit. An electro-

chemical system was used with a mercury pool cathode and two-phase cathode consisting 

of an organic phase (75% DCE and 25% diethyl ether) and an aqueous phase (125 mL 6 M 

HCl, 1 M NaI). This was operated at 20 °C for 20 h and provided around 50% yield of 5MF 

[81]. Alternatively, hydrogenation of CMF under mild conditions (40 °C, 4 h) with a PdCl2 

catalyst could reach yields up to 88% [18]. 

The production of DMF under mild conditions via a catalytic hydrogenation route is 

presented in Scheme 8. The hydrogenation of CMF with a Pd/carbon nanotube (CNT) cat-

alyst allowed for in situ generation of the acidic species required for high selectivity to-

wards DMF at room temperature in a THF-H2O media for 15 min, resulting in a yield of 

92% [82]. Additionally, the hydrogenation of CMF with a Pd/C catalyst with cyclohexene 

extraction solvent at 60 °C for 8 h displayed a molar yield of 88% [79]. Finally, Li et al. 

reported the heterogeneous dechlorination of CMF towards DMF leveraging the Pd-cata-

lysed hydrosilane-mediated hydrodeoxygenation of the initial furanic material. This leads 

to a 72% overall yield towards DMF exclusively at 25 °C and 70 min [83]. 
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Scheme 8. Catalytic hydrogenation of CMF to DMF under mild conditions [82]. 

Scheme 9 describes the one-pot synthesis of 2,5-bis(hydroxymethyl)furan, where a 

91% yield was realised using a Ru/CuOx catalyst. This process involved hydrolysis of CMF 

to HMF and then subsequent hydrogenation in a one-pot system at 60 °C for 240 min [84]. 

Additionally, variations of base additives were investigated with the addition of CaCO3 

proving a yield of 76% of 2,5-bis(hydroxymethyl)furan with only a 13% HMF yield and a 

3% yield of 2,5-bis(hydroxymethyl)tetrahydrofuran at >99% CMF conversion. 

 

Scheme 9. One-pot reaction of CMF to BHMF via the intermediate hydrolysis to HMF [84]. 

Scheme 10 presents the formation of 5-methylfurfural alcohol; this reduction reaction 

sees the utilisation of phase transfer conditions to generate a yield of 73% in a two-step 

process [46]. The first stage involves the use of sodium borohydride and tributyl hexa-

decyl phosphonium bromide at room temperature for 2 h. The following stage then in-

volves the addition of tert-butyl methyl ether and vigorous mixing followed by the sepa-

ration of layers and evaporation and filtration of the organic layers post-drying with 

MgSO4. Furthermore, this highlights a method of producing the same products of hydro-

genation through reduction without the need for the addition of H2. 

 

Scheme 10. CMF to 5-methylfurfuryl alcohol through reduction under phase transfer conditions [46]. 

4.3. Oxidation 

CMF has been reported as a starting material to undergo oxidation to different de-

grees. In this sense, acid-driven oxidation of CMF yields two major products, FDCA and 
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2,5-furandicarbaldehyde, both of which are highly praised building blocks in synthetic 

chemistry. Owing to the bifunctionalised structure around the furan ring, FDCA is a 

promising platform chemical candidate with already widespread use in the production of 

polyethylenefuranoate, a biobased polymer with promise as an alternative to polyeth-

ylene terephthalate (PET) [85]. Production of FDCA through CMF oxidation, as shown in 

Scheme 11, was reported by Brasholtz et al. in a batch system containing aqueous nitric 

acid, wherein a sparse yield of 59% was reported at 80 °C for 24 h [46]. 

 

Scheme 11. Oxidation of CMF to a dicarboxylic acid derivate, FDCA [46]. 

Aside from FDCA, 2,5-furandicarbaldehyde is another synthetic building block of 

interest that can also be formed through the oxidation of CMF as seen in Scheme 12. The 

partial oxidation of CMF to 2,5-furandicarbaldehyde was first detailed in 1912 through 

the use of nitric acid for 45 min, with the product subsequently being extracted by chloro-

form [86]. More recent developments improving the yield use dimethyl sulfoxide (DMSO) 

to initiate the oxidation at 150 °C for 18 h at a yield of 81%, as shown in Scheme 12 [87]. 

 

Scheme 12. Oxidation of CMF to 2,5-furandicarbaldehyde [87]. 

Finally, a hypervalent iodine reagent, specifically iodosylbenzene (PhIO), was used 

for the oxidation of CMF to HMF using DMSO-H2O as reacting medium, where a yield of 

90% was observed (Scheme 13) in a one-pot system at 55–60 °C for 3 h [62]. DMSO as a 

purely anhydrous reaction mixture failed to yield HMF even after 24 h, highlighting the 

necessity of water for successful HMF synthesis. The high oxidative capability of PhIO 

and the high polarity of DMSO ensured that mild conditions could be used to effectively 

produce HMF [62]. 

 

Scheme 13. CMF oxidation to HMF with hypervalent iodosylbenzene [62]. 
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4.4. Esterification 

Esterification of CMF provides a unique range of ester products, whether by reaction of 

the carbonyl moiety of CMF or else by attack of the -Cl [50,80]. Production of 5-acetoxymethyl-

furfural, used as a biofuel additive, occurs through the application of alkylammonium acetate 

and acetonitrile (ACN) under mild conditions at room temperature and for only 10 min, 

Scheme 14 [50]. A 96% yield at 99% purity was reported after residue purification. 

 

Scheme 14. Esterification of CMF to 5-acetoxymethylfurfural via alkylammonium acetate [50]. 

Dutta et al. described a system for the production of DMF as a final product through 

the intermediate production and isolation to two acetals, 2-(chloromethyl)-5-(diace-

toxymethyl)furan and 2-(chloromethyl)-5-(dibutoxymethyl)furan [80]. Firstly, 2-(chloro-

methyl)-5-(diacetoxymethyl)furan was simply produced through the addition of acetic 

anhydride (Ac2O) at 50 °C for 30 min at atmospheric pressure; this resulted in a yield of 

up to 92%, Scheme 15. A novelty of this production is the reported solvent-free reaction 

process using Ac2O and an Amberlyst-15 acidic resin catalyst to perform the reaction. 

 

Scheme 15. Esterification of CMF to 2-(chloromethyl)-5-(diacetoxymethyl)furan under solvent-free 

conditions catalysed by the Amberlyst-15 acidic resin [80]. 

Finally, the production of ethyl levulinate has been reported through tandem rehy-

dration of CMF followed by esterification of the levulinic acid intermediate. For this, the 

addition of alcohols, such as EtOH or n-BuOH, was required. Initially, the use of EtOH at 

160 °C for 30 min produced ethyl levulinate with a yield of 85%, Scheme 16 [75]. 

 

Scheme 16. CMF to ethyl levulinate under ethanolic conditions [75]. 

Furthermore, n-BuOH can be used to synthesise both butyl levulinate and n-butyl 

formate with a selectivity of 84% and 87%, respectively, at 110 °C for 2 h, Scheme 17. How-

ever, the n-butyl formate could not be isolated from the excess n-BuOH [75]. 
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Scheme 17. Butyl levulinate and n-butyl formate from the addition of n-BuOH [75]. 

4.5. Etherification 

Geminal etherification of CMF was reported, with a method of acetal production 

through the addition of n-BuOH using HCl as homogeneous catalyst, which yielded 2-

(chloromethyl)-5-(dibutoxymethyl)furan at 98%, as seen in Scheme 18. This process uti-

lised a temperature of 0 °C for an hour. The selection of n-BuOH was guided by efforts to 

ensure the sustainability and greenness, relatively low cost, and low toxicity of said pro-

duction process. Finally, the formation of a low-boiling-point azeotrope was determined 

to be favourable for subsequent separation and purification processes [80]. 

 

Scheme 18. Production of 2-(chloromethyl)-5-(dibutoxymethyl)furan from CMF [80]. 

Scheme 19 describes the preparation of a range of 5-(alkoxymethyl)furfurals, which 

are furan derivatives through the addition of alcohols [88]. Specifically, seven separate 

derivatives were described, four through the addition of alcohols as a solvent and three 

with the addition of a base, N,N-diisopropylethylamine (DIPEA). Firstly, the addition of 

methanol, ethanol, 1-propanol, and 1-butanol at 50 °C for 3 h produced 5-(methoxyme-

thyl)furfural, 5-ethoxymethylfurfural, 5-propxymethylfurfural, and 5-butoxymethyl-

furfural, which were observed in yields of 91%, 90%, 92%, and 96%, respectively. 

 

Scheme 19. Preparation of 5-(alkoxymethyl)furfurals from CMF, with ROH as a solvent where R = 

methyl to form 5-(methoxymethyl)furfural, or R = ethyl to form 5-ethoxymethylfurfural, or R = 1-

propyl to form 5-propxymethylfurfural, or R = 1-butyl to form 5-butoxymethylfurfural [88]. 
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Next, the use of a base was investigated through the addition of DIPEA, as shown in 

Scheme 20. The trimethylamine (Et3N) component of this base acted as a nucleophile and 

substituted the chloromethyl group in CMF and mildly inhibited the formation of humins 

whilst providing enhanced yields for secondary alcohols. The three 5-(alkoxymethyl)fur-

furals, 5-pentoxymethylfurfural, 5-hexoxymethylfurfural, and 5-(isopropoxymethyl)fur-

fural were produced from 1-pentanol, 1-hexanol, and 2-propanol in yields of 93%, 94%, 

and 90%, respectively, at 65 °C for 6 h. 

 

Scheme 20. Preparation of 5-(alkoxymethyl)furfurals from CMF, ROH in the ratio of 1.2 v/v%, where 

R = 1-pentyl to form 5-pentoxymethylfurfural, or R = 1-hexyl to form 5-hexoxymethylfurfural, or R 

= 2-propyl to form 5-(isopropoxymethyl)furfural [88]. 

4.6. Amination 

Amination of CMF is frequently described in the literature, sometimes forming rela-

tively complex molecules such as N,N′-[Furan-2,5-diylbis(methylene)]bis(1-phenyl-

methanamine) [46]. Scheme 21 describes the amination of CMF with benzylamine and 

Et3N at room temperature for 16 h with a DCE extraction; subsequently, the solution was 

treated with NaBH(OAc)3 at room temperature for 16 h. This yielded N,N′-[Furan-2,5-

diylbis(methylene)]bis(1-phenylmethanamine) in molar yields of 62%. 

 

Scheme 21. Amination of CMF with benzylamine [46]. 

Jia et al. proposed a method of efficient reductive amination of CMF to secondary 

amines through the use of supercritical carbon dioxide with water as a hydrogen donor 

over Ni/CaCO3, as shown in Scheme 22 [89]. The two secondary amines produced, 1-(5-

(chloromethyl)furan-2-yl)-N-methylmethamine and N-methyl-1-(5-methyl)furan-2-yl)-N-

methylmethamine, were both observed under identical conditions of 80 °C and 15 h with 

respective yields of 76% and 9%. 
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Scheme 22. Supercritical carbon dioxide-initiated amination of CMF [89]. 

4.7. Other 

The synthetic upgrading possibilities of CMF are vast and, as such, a varied array of 

reaction schemes and pathways are presented in the following section, highlighting the 

diversity of end-products possible. Dutta et al. reported the use of t-BuOCl to generate an 

acid chloride of CMF, 5-(Chloromethyl)furan-2-carbonyl chloride, as depicted in Scheme 

23. This system at 50 °C for 24 h reported an in situ NMR-determined yield of 85%; how-

ever, the authors deemed isolation unnecessary as acid chlorides are generally only used 

as an intermediate for other carboxylic acid derivatives [87]. 

 

Scheme 23. t-BuOCl-driven reaction of CMF towards 5-(Chloromethyl)furan-2-carbonyl chloride [87]. 

The development of novel green platform chemicals is of continued importance; as 

such, the identification of a so-called “self-clicking” monomer in the form of 5-(azidome-

thyl)furfural would prove useful. This building block aimed to bridge the gap between 

renewable biomass and furfural-containing triazoles by providing a selective intermedi-

ate via the reactivity provided by the azide group [90]. This monomer was prepared from 

CMF under mild conditions of 30 °C for 6 h with the addition of acetone and sodium azide 

with a yield of 99% when isolated, as seen in Scheme 24. 

 

Scheme 24. Sodium azide-driven nucleophilic substitution of CMF towards a self-clicking mono-

mer, 5-(azidomethyl)furfural [90]. 

With an eye on the synthesis of polymeric building blocks to be used in the synthesis 

of thermally stable polymeric Schiff bases, a CMF derivative based on the addition of sac-

charine was produced, as shown in Scheme 25. 5-((1,1-dioxido-3-oxobenzo[d]isothiazol-

2(3H)-yl)methyl)furan-2-carbaldehyde was obtained via the addition of soluble saccha-

rine in acetone at rt for 24 h [91]. This species was successfully isolated and identified in 

yields in excess of 95%. The authors detailed other derivatives such as a benzenesulphinic 

acid salt and thiourea, with yields of 95% and 96%, respectively. 
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Scheme 25. Saccharine-derived CMF derivative [91]. 

CMF has seen success over HMF in the production of enones through Wittig reac-

tions of these furan components with the use of phosphoranes (Scheme 26). These so-

called Wittig reactions generated a variety of enones with 1′-Benzyl-3′-([5-(chlorome-

thyl)furan-2-yl] methylidene)pyrrolidine-2′,5′-dione generated in a yield of 66% through 

the addition of benzene and phosphoranes at rt. These generated products were observed 

to hinder the presence of free radicals. 

 

Scheme 26. CMF derivative obtained through a Wittig reaction with triphenyl pyrrolidone [92]. 

5. Conclusions and Outlook 

Developments in the production process for furans over the recent century have con-

tinued with vigour. In addition to the wide expansion of technologies to produce HMF 

and furfural, in the last few years there has been increasing interest in the production of 

CMF. Despite the initial production of HMF and furfural in monophasic systems, these 

chemicals have seen the development of the use of biphasic systems to mitigate the for-

mation of by-products, namely, LA, FA, and humins. CMF production has fully incorpo-

rated this approach for a reaction with in situ extraction, for which the higher hydropho-

bicity of this chemical shows more attractive partitioning in liquid–liquid media with re-

spect to HMF. In addition, CMF has normally been produced at milder conditions than 

HMF, particularly temperature, where many of the works report catalysis below 100 °C 

as opposed to around 150 °C normally in the case of HMF. 

With an eye on Green Chemistry, it is clear that the sustainable sourcing of CMF is 

an advantage, with different types of complex biomass being reported in addition to sim-

ple sugars. However, the biphasic systems used mostly include the use of aqueous bipha-

sic systems based on halogenated solvents as extracting phases, with a prevalence of DCE. 

One key aspect to consider in the progress of CMF production is the substitution of such 

solvents for greener alternatives. To achieve this, an approach based on predicting the 

partitioning capabilities of solvents combined with consideration of the EHS aspects of 

solvents could be followed. For the former aspect, computational predictions can be made 

with tools like HSP or the COSMO-RS methods, whereas for the latter solvent profiling 

with guides like CHEM21 should be considered. Another aspect to consider is the lack of 
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information to evaluate eventual process scalability. For example, to date, only three stud-

ies have been published with kinetic models for CMF production, which is an essential 

element for reactor design and eventual process design, simulation, and techno-economic 

analysis. This techno-economic analysis could be guided by one of the three works detail-

ing kinetics through practical implementation in ASPEN Plus. Additionally, an LCA for the 

production of HMF and FDCA could serve as a framework towards one applied to CMF. 

Finally, another advantageous aspect of CMF is the rich synthetic possibilities that the –

Cl moiety confers owing to this being an outstanding leaving group. As such, a wide array of 

chemicals can be produced through reactions of rehydration, hydrogenation, oxidation, ester-

ification, etherification, and amination, among others, with applications as biofuels, materials 

like bioplastics, or ingredients in the formulation of different products. Future development 

of more complex routes from CMF as a building block will surely continue in the next years. 
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Nomenclature 

4CA Tetrachloroethane 

5MF 5-methylfurfural 

ACN Acetonitrile 

CMF 5-chloromethylfurfural 

CNT Carbon nanotube 

COSMO-RS COnductor-like Screening MOdel for Real Solvents 

DCE 1,2-dichloroethane 

DCM Dichloromethane 

DES Deep eutectic solvents 

DIPEA N,N-diisopropylethylamine 

DMF 2,5-dimethylfuran 

DMSO Dimethyl sulfoxide 

EHS Environmental, health and safety 

Et3N Triethylamine 

FA Formic acid  

FDCA 2,5-furandicarboxylic acid 

GVL γ-valerolactone 

HBA Hydrogen bond acceptor 

HBD Hydrogen bond donor  

HMF 5-hydroxymethylfurfural 

HSP Hansen solubility parameters 

IL Ionic liquid 

LA Levulinic acid 

MIBK Methyl isobutyl ketone 

PCE Perchloroethylene 

PET Polyethylene terephthalate 

TCE 1,1,2-trichloroethane 



Catalysts 2024, 14, 117 26 of 29 
 

 

References 

1. British Energy Security and Net Zero, Energy and Industrial Strategy. Net Zero Strategy: Build Back Greener; HM Government: 

London, UK, 2021; p. 368. 

2. Presidency, C. Long-Term Low Greenhouse Gas Emission Development Strategy of the European Union and Its Member States; Council 

of the European Union: Brussels, Belgium, 2020. 

3. Directorate-General for Research and Innovation (European Commission). A Sustainable Bioeconomy for Europe: Strengthening the 

Connection between Economy, Society and the Environment: Updated Bioeconomy Strategy; Publications Office: Luxembourg, 2018. 

4. McKendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresour. Technol. 2002, 83, 37–46. 

5. Bozell, J.J.; Petersen, G.R. Technology development for the production of biobased products from biorefinery carbohydrates—

The US Department of Energy’s “Top 10” revisited. Green Chem. 2010, 12, 539–554. 

6. Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass: Volume I—Results of Screening for Potential Candidates from Sugars 

and Synthesis Gas; DOE/GO-102004-1992. TRN: US200427%%671 United States 10.2172/15008859 TRN: US200427%%671 NREL 

English; National Renewable Energy Lab.: Golden, CO, USA, 2004; 76p. 

7. van Putten, R.-J.; van der Waal, J.C.; de Jong, E.; Rasrendra, C.B.; Heeres, H.J.; de Vries, J.G. Hydroxymethylfurfural, A Versatile 

Platform Chemical Made from Renewable Resources. Chem. Rev. 2013, 113, 1499–1597. 

8. Soukup-Carne, D.; Fan, X.; Esteban, J. An overview and analysis of the thermodynamic and kinetic models used in the 

production of 5-hydroxymethylfurfural and furfural. Chem. Eng. J. 2022, 442, 136313. 

9. Hou, Q.; Qi, X.; Zhen, M.; Qian, H.; Nie, Y.; Bai, C.; Zhang, S.; Bai, X.; Ju, M. Biorefinery roadmap based on catalytic production 

and upgrading 5-hydroxymethylfurfural. Green Chem. 2021, 23, 119–231. 

10. Naga Sai, M.S.; De, D.; Satyavathi, B. Sustainable production and purification of furfural from waste agricultural residue: An 

insight into integrated biorefinery. J. Clean. Prod. 2021, 327, 129467. 

11. Mariscal, R.; Maireles-Torres, P.; Ojeda, M.; Sádaba, I.; López Granados, M. Furfural: A renewable and versatile platform 

molecule for the synthesis of chemicals and fuels. Energy Environ. Sci. 2016, 9, 1144–1189. 

12. Esteban, J.; Yustos, P.; Ladero, M. Catalytic Processes from Biomass-Derived Hexoses and Pentoses: A Recent Literature 

Overview. Catalysts 2018, 8, 637. 

13. Schrimpf, M.; Esteban, J.; Rösler, T.; Vorholt, A.J.; Leitner, W. Intensified reactors for gas-liquid-liquid multiphase catalysis: 

From chemistry to engineering. Chem. Eng. J. 2019, 372, 917–939. 

14. Groot, W.J.; van der Lans, R.G.J.M.; Luyben, K.C.A.M. Technologies for butanol recovery integrated with fermentations. Process 

Biochem. 1992, 27, 61–75. 

15. Anchan, H.N.; Dutta, S. Recent advances in the production and value addition of selected hydrophobic analogs of biomass-

derived 5-(hydroxymethyl)furfural. Biomass Convers. Biorefinery 2021, 13, 2571–2593. 

16. Mascal, M. 5-(Chloromethyl)furfural (CMF): A Platform for Transforming Cellulose into Commercial Products. ACS Sustain. 

Chem. Eng. 2019, 7, 5588–5601. 

17. Fenton, H.J.H.; Gostling, M. LXXXV.—Derivatives of methylfurfural. J. Chem. Soc. Trans. 1901, 79, 807–816. 

18. Mascal, M.; Nikitin, E.B. Direct, High-Yield Conversion of Cellulose into Biofuel. Angew. Chem. Int. Ed. 2008, 47, 7924–7926. 

19. Lakmini, L.M.N.; Deshan, A.D.K.; Pham, H.D.; Doherty, W.; Rackemann, D.; Dubal, D.P.; Moghaddam, L. High carbon 

utilization: 5-(Chloromethyl)furfural (CMF) production from rice by-products and transformation of CMF residues into Li-ion 

energy storage systems. J. Clean. Prod. 2022, 375, 134082. 

20. Origin Materials. 5-Chloromethylfurfural. Available online: https://www.originmaterials.com/products/5-

chloromethylfurfural-cmf (accessed on 5 May 2023). 

21. Alex, B.; Wood, M.M.; Smith, R.; Bissel, J.; Hirsch-Weil, D.; Araiza, R.; Henton, D.; Plonka, J. Methods for Producing 5-

(halomethylfurfural). U.S. Patent US9388151B2, 2 Febuary 2023. 

22. Kawai, S.I.; Tanaka, S.; Terai, K.; Tezuka, M.; Nishiwaki, T. Synthesis of 1,4,7-Cyclononatrione. Bull. Chem. Soc. Jpn. 1960, 33, 

669–674. 

23. ChemSpider. 5-(Hydroxymethyl)-2-Furaldehyde. Available online: http://www.chemspider.com/Chemical-

Structure.207215.html (accessed on 29 September 2021). 

24. Bredihhin, A.; Mäeorg, U.; Vares, L. Evaluation of carbohydrates and lignocellulosic biomass from different wood species as 

raw material for the synthesis of 5-bromomethyfurfural. Carbohydr. Res. 2013, 375, 63–67. 

25. Jessop, P.G. Searching for green solvents. Green Chem. 2011, 13, 1391–1398. 

26. González-Miquel, M.; Esteban, J. 2.53—Novel Solvents for Biotechnology Applications. In Comprehensive Biotechnology, 3rd ed.; 

Moo-Young, M., Ed.; Pergamon: Oxford, UK, 2019; pp. 790–806. 

27. Sheldon, R.A. Green and sustainable manufacture of chemicals from biomass: State of the art. Green Chem. 2014, 16, 950–963. 

28. Sheldon, R.A. Metrics of Green Chemistry and Sustainability: Past, Present, and Future. ACS Sustain. Chem. Eng. 2018, 6, 32–48. 

29. Swift, T.D.; Bagia, C.; Choudhary, V.; Peklaris, G.; Nikolakis, V.; Vlachos, D.G. Kinetics of Homogeneous Brønsted Acid 

Catalyzed Fructose Dehydration and 5-Hydroxymethyl Furfural Rehydration: A Combined Experimental and Computational 

Study. ACS Catal. 2014, 4, 259–267. 

30. Tan-Soetedjo, J.N.M.; van de Bovenkamp, H.H.; Abdilla, R.M.; Rasrendra, C.B.; van Ginkel, J.; Heeres, H.J. Experimental and 

Kinetic Modeling Studies on the Conversion of Sucrose to Levulinic Acid and 5-Hydroxymethylfurfural Using Sulfuric Acid in 

Water. Ind. Eng. Chem. Res. 2017, 56, 13228–13239. 



Catalysts 2024, 14, 117 27 of 29 
 

 

31. Ershova, O.; Kanervo, J.; Hellsten, S.; Sixta, H. The role of xylulose as an intermediate in xylose conversion to furfural: Insights 

via experiments and kinetic modelling. Rsc Adv. 2015, 5, 66727–66737. 

32. Ji, H.; Chen, L.; Zhu, J.Y.; Gleisner, R.; Zhang, X. Reaction Kinetics Based Optimization of Furfural Production from Corncob 

Using a Fully Recyclable Solid Acid. Ind. Eng. Chem. Res. 2016, 55, 11253–11259. 

33. Stankiewicz, A.I.; Moulijn, J.A. Process intensification: Transforming chemical engineering. Chem. Eng. Prog. 2000, 96, 22–34. 

34. Esteban, J.; Vorholt, A.J.; Leitner, W. An overview of the biphasic dehydration of sugars to 5-hydroxymethylfurfural and 

furfural: A rational selection of solvents using COSMO-RS and selection guides. Green Chem. 2020, 22, 2097–2128. 

35. Mellmer, M.A.; Sanpitakseree, C.; Demir, B.; Ma, K.; Elliott, W.A.; Bai, P.; Johnson, R.L.; Walker, T.W.; Shanks, B.H.; Rioux, 

R.M.; et al. Effects of chloride ions in acid-catalyzed biomass dehydration reactions in polar aprotic solvents. Nat. Commun. 2019, 

10, 1132. 

36. Guo, W.; Zhang, Z.; Hacking, J.; Heeres, H.J.; Yue, J. Selective fructose dehydration to 5-hydroxymethylfurfural from a fructose-

glucose mixture over a sulfuric acid catalyst in a biphasic system: Experimental study and kinetic modelling. Chem. Eng. J. 2021, 

409, 128182. 

37. Tang, J.; Zhu, L.; Fu, X.; Dai, J.; Guo, X.; Hu, C. Insights into the Kinetics and Reaction Network of Aluminum Chloride-

Catalyzed Conversion of Glucose in NaCl–H2O/THF Biphasic System. ACS Catal. 2017, 7, 256–266. 

38. Zhang, L.L.; Tian, Y.B.; Wang, Y.Y.; Dai, L.Y. Enhanced conversion of alpha-cellulose to 5-HMF in aqueous biphasic system 

catalyzed by FeCl3-CuCl2. Chin. Chem. Lett. 2021, 32, 2233–2238. 

39. Li, X.; Liu, Q.; Luo, C.; Gu, X.; Lu, L.; Lu, X. Kinetics of Furfural Production from Corn Cob in gamma-Valerolactone Using 

Dilute Sulfuric Acid as Catalyst. ACS Sustain. Chem. Eng. 2017, 5, 8587–8593. 

40. Zhao, Y.; Xu, H.; Lu, K.; Qu, Y.; Zhu, L.; Wang, S. Experimental and Kinetic Study of Arabinose Conversion to Furfural in 

Renewable Butanone-Water Solvent Mixture Catalyzed by Lewis Acidic Ionic Liquid Catalyst. Ind. Eng. Chem. Res. 2019, 58, 

17088–17097. 

41. Zhang, L.-X.; Yu, H.; Yu, H.-B.; Chen, Z.; Yang, L. Conversion of xylose and xylan into furfural in biorenewable choline chloride–

oxalic acid deep eutectic solvent with the addition of metal chloride. Chin. Chem. Lett. 2014, 25, 1132–1136. 

42. Weingarten, R.; Cho, J.; Conner, J.W.C.; Huber, G.W. Kinetics of furfural production by dehydration of xylose in a biphasic 

reactor with microwave heating. Green Chem. 2010, 12, 1423–1429. 

43. Yang, T.; Zhou, Y.H.; Zhu, S.Z.; Pan, H.; Huang, Y.B. Insight into Aluminum Sulfate-Catalyzed Xylan Conversion into Furfural 

in a -Valerolactone/Water Biphasic Solvent under Microwave Conditions. Chemsuschem 2017, 10, 4066–4079. 

44. Mascal, M. 5-(Chloromethyl)furfural is the New HMF: Functionally Equivalent But More Practical in Terms of its Production 

From Biomass. ChemSusChem 2015, 8, 3391–3395. 

45. Wu, F.S.; Yang, R.D.; Yang, F. Metal Chlorides as Effective Catalysts for the One-Pot Conversion of Lignocellulose into 5-

Chloromethylfurfural (5-CMF). Bioresources 2015, 10, 3293–3301. 

46. Brasholz, M.; von Känel, K.; Hornung, C.H.; Saubern, S.; Tsanaktsidis, J. Highly efficient dehydration of carbohydrates to 5-

(chloromethyl)furfural (CMF), 5-(hydroxymethyl)furfural (HMF) and levulinic acid by biphasic continuous flow processing. 

Green Chem. 2011, 13, 1114–1117. 

47. Jadhav, H.; Pedersen, C.M.; Sølling, T.; Bols, M. 3-Deoxy-glucosone is an Intermediate in the Formation of Furfurals from D-

Glucose. ChemSusChem 2011, 4, 1049–1051. 

48. Smith, B.A.; Champagne, P.; Jessop, P.G. A Semi-Batch Flow System for the Production of 5-Chloromethylfurfural. Chem. 

Methods 2021, 1, 438–443. 

49. Lane, D.R.; Mascal, M.; Stroeve, P. Experimental studies towards optimization of the production of 5-(chloromethyl)furfural 

(CMF) from glucose in a two-phase reactor. Renew. Energy 2016, 85, 994–1001. 

50. Kang, E.-S.; Hong, Y.-W.; Chae, D.W.; Kim, B.; Kim, B.; Kim, Y.J.; Cho, J.K.; Kim, Y.G. From Lignocellulosic Biomass to Furans 

via 5-Acetoxymethylfurfural as an Alternative to 5-Hydroxymethylfurfural. ChemSusChem 2015, 8, 1179–1188. 

51. Kohl, T.M.; Bizet, B.; Kevan, P.; Sellwood, C.; Tsanaktsidis, J.; Hornung, C.H. Efficient synthesis of 5-(chloromethyl)furfural 

(CMF) from high fructose corn syrup (HFCS) using continuous flow processing. React. Chem. Eng. 2017, 2, 541–549. 

52. Zuo, M.; Li, Z.; Jiang, Y.; Tang, X.; Zeng, X.; Sun, Y.; Lin, L. Green catalytic conversion of bio-based sugars to 5-chloromethyl 

furfural in deep eutectic solvent, catalyzed by metal chlorides. RSC Adv. 2016, 6, 27004–27007. 

53. Breeden, S.W.; Clark, J.H.; Farmer, T.J.; Macquarrie, D.J.; Meimoun, J.S.; Nonne, Y.; Reid, J.E.S.J. Microwave heating for rapid 

conversion of sugars and polysaccharides to 5-chloromethyl furfural. Green Chem. 2013, 15, 72–75. 

54. Budarin, V.L.; Shuttleworth, P.S.; De Bruyn, M.; Farmer, T.J.; Gronnow, M.J.; Pfaltzgraff, L.; Macquarrie, D.J.; Clark, J.H. The 

potential of microwave technology for the recovery, synthesis and manufacturing of chemicals from bio-wastes. Catal. Today 

2015, 239, 80–89. 

55. Onkarappa, S.B.; Dutta, S. Phase Transfer Catalyst Assisted One-Pot Synthesis of 5-(Chloromethyl)furfural from Biomass-

Derived Carbohydrates in a Biphasic Batch Reactor. ChemistrySelect 2019, 4, 7502–7506. 

56. Bhat, N.S.; Vinod, N.; Onkarappa, S.B.; Dutta, S. Hydrochloric acid-catalyzed coproduction of furfural and 5-

(chloromethyl)furfural assisted by a phase transfer catalyst. Carbohydr. Res. 2020, 496, 108105. 

57. Antonyraj, C.A.; Chennattussery, A.J.; Haridas, A. 5-(Chloromethyl)furfural production from glucose: A pioneer kinetic model 

development exploring the mechanism. Int. J. Chem. Kinet. 2021, 53, 825–833. 

58. Rojahn, P.; Nigam, K.D.P.; Schael, F. Experimental study and kinetic modeling of continuous flow conversion of fructose to 5-

(chloromethyl)furfural using micro- and millistructured coiled flow inverter. Chem. Eng. J. 2022, 450, 138243. 



Catalysts 2024, 14, 117 28 of 29 
 

 

59. Chen, B.L.; Li, Z.; Feng, Y.C.; Hao, W.W.; Sun, Y.; Tang, X.; Zeng, X.H.; Lin, L. Green Process for 5-(Chloromethyl)furfural 

Production from Biomass in Three-Constituent Deep Eutectic Solvent. Chemsuschem 2021, 14, 847–851. 

60. Mascal, M.; Nikitin, E.B. Dramatic Advancements in the Saccharide to 5-(Chloromethyl)furfural Conversion Reaction. 

ChemSusChem 2009, 2, 859–861. 

61. Gao, W.; Li, Y.; Xiang, Z.; Chen, K.; Yang, R.; Argyropoulos, D.S. Efficient One-Pot Synthesis of 5-Chloromethylfurfural (CMF) 

from Carbohydrates in Mild Biphasic Systems. Molecules 2013, 18, 7675–7685. 

62. Singh, M.; Pandey, N.; Mishra, B.B. A divergent approach for the synthesis of (hydroxymethyl)furfural (HMF) from spent 

aromatic biomass-derived (chloromethyl)furfural (CMF) as a renewable feedstock. RSC Adv. 2020, 10, 45081–45089. 

63. Zhang, X.; Eren, N.M.; Kreke, T.; Mosier, N.S.; Engelberth, A.S.; Kilaz, G. Concentrated HCl Catalyzed 5-(Chloromethyl)furfural 

Production from Corn Stover of Varying Particle Sizes. BioEnergy Res. 2017, 10, 1018–1024. 

64. Howard, J.; Rackemann, D.W.; Zhang, Z.; Moghaddam, L.; Bartley, J.P.; Doherty, W.O.S. Effect of pretreatment on the formation 

of 5-chloromethyl furfural derived from sugarcane bagasse. RSC Adv. 2016, 6, 5240–5248. 

65. Bhat, N.S.; Hegde, S.L.; Dutta, S.; Sudarsanam, P. Efficient Synthesis of 5-(Hydroxymethyl)furfural Esters from Polymeric 

Carbohydrates Using 5-(Chloromethyl)furfural as a Reactive Intermediate. ACS Sustain. Chem. Eng. 2022, 10, 5803–5809. 

66. Bueno Moron, J.; van Klink, G.; Gruter, G.-J.M. Production and Downstream Integration of 5-(Chloromethyl)furfural from 

Lignocellulose. ACS Sustain. Chem. Eng. 2023, 11, 17492–17509. 

67. Barman, S.; Chakraborty, R. Energy-efficient and eco-friendly continuous production of 5-CMF in a UV-ultrasound irradiated 

catalytic packed bed reactor: Heterogeneous kinetics, reactor simulation and LCA analysis. React. Chem. Eng. 2023, 9, 160–171. 

68. Prat, D.; Wells, A.; Hayler, J.; Sneddon, H.; McElroy, C.R.; Abou-Shehada, S.; Dunn, P.J. CHEM21 selection guide of classical- 

and less classical-solvents. Green Chem. 2016, 18, 288–296. 

69. Hansen, C. The three dimensional solubility parameter: II Dyes, emulsifiers, mutual solubility and compatibility and pigments. 

JPT 1967, 39, 511. 

70. Hansen, C.M. Hansen Solubility Parameters: A User's Handbook; CRC Press: Boca Raton, FL, USA, 2007. 

71. Klamt, A. Conductor-like Screening Model for Real Solvents: A New Approach to the Quantitative Calculation of Solvation 

Phenomena. J. Phys. Chem. 1995, 99, 2224–2235. 

72. Mascal, M.; Nikitin, E.B. Co-processing of Carbohydrates and Lipids in Oil Crops To Produce a Hybrid Biodiesel. Energy Fuels 

2010, 24, 2170–2171. 

73. Mascal, M.; Dutta, S. Synthesis of the natural herbicide δ-aminolevulinic acid from cellulose-derived 5-(chloromethyl)furfural. 

Green Chem. 2011, 13, 40–41. 

74. Mascal, M.; Dutta, S. Synthesis of ranitidine (Zantac) from cellulose-derived 5-(chloromethyl)furfural. Green Chem. 2011, 13, 

3101–3102. 

75. Mascal, M.; Nikitin, E.B. High-yield conversion of plant biomass into the key value-added feedstocks 5-

(hydroxymethyl)furfural, levulinic acid, and levulinic esters via 5-(chloromethyl)furfural. Green Chem. 2010, 12, 370–373. 

76. Park, D.; Lee, S.; Kim, J.; Yeong Ryu, G.; Suh, Y.-W. 5-(Chloromethyl)Furfural as a Potential Source for Continuous 

Hydrogenation of 5-(Hydroxymethyl)Furfural to 2,5-Bis(Hydroxymethyl)Furan. ChemPlusChem 2022, 87, e202200166. 

77. Zhong, S.; Daniel, R.; Xu, H.; Zhang, J.; Turner, D.; Wyszynski, M.L.; Richards, P. Combustion and Emissions of 2,5-

Dimethylfuran in a Direct-Injection Spark-Ignition Engine. Energy Fuels 2010, 24, 2891–2899. 

78. Li, S.; Dong, M.; Yang, J.; Cheng, X.; Shen, X.; Liu, S.; Wang, Z.-Q.; Gong, X.-Q.; Liu, H.; Han, B. Selective hydrogenation of 5-

(hydroxymethyl)furfural to 5-methylfurfural over single atomic metals anchored on Nb2O5. Nat. Commun. 2021, 12, 584. 

79. Hamada, K.; Yoshihara, H.; Suzukamo, G. Novel Synthetic Route to 2,5-Disubstituted Furan Derivatives through Surface Active 

Agent-Catalysed Dehydration of D(-)-Fructose. J. Oleo Sci. 2001, 50, 533–536. 

80. Dutta, S.; Mascal, M. Novel Pathways to 2,5-Dimethylfuran via Biomass-Derived 5-(Chloromethyl)furfural. ChemSusChem 2014, 

7, 3028–3030. 

81. Torben Lund, H.L. Electrochemical reduction of furan derivatives derived from biomass. Acta Chem. Scand. 1985, 39, 429–435. 

82. Chen, B.; Feng, Y.; Huang, R.; Yang, S.; Li, Z.; Sperry, J.; Yang, S.; Tang, X.; Sun, Y.; Lin, L.; et al. Efficient synthesis of the liquid 

fuel 2,5-dimethylfuran from biomass derived 5-(chloromethyl)furfural at room temperature. Appl. Catal. B Environ. 2022, 318, 

121842. 

83. Li, H.; Wang, C.; Xu, Y.; Yu, Z.; Saravanamurugan, S.; Wu, Z.; Yang, S.; Luque, R. Heterogeneous (de)chlorination-enabled 

control of reactivity in the liquid-phase synthesis of furanic biofuel from cellulosic feedstock. Green Chem. 2020, 22, 637–645. 

84. Chen, B.; Feng, Y.; Ma, S.; Xie, W.; Yan, G.; Li, Z.; Sperry, J.; Yang, S.; Tang, X.; Sun, Y.; et al. One-pot synthesis of 2,5-

bis(hydroxymethyl)furan from biomass derived 5-(chloromethyl)furfural in high yield. J. Energy Chem. 2023, 76, 421–428. 

85. Takei, T.; Akita, T.; Nakamura, I.; Fujitani, T.; Okumura, M.; Okazaki, K.; Huang, J.; Ishida, T.; Haruta, M. Chapter One—

Heterogeneous Catalysis by Gold. In Advances in Catalysis; Gates, B.C., Jentoft, F.C., Eds.; Academic Press: Cambridge, MA, 

USA, 2012; Volume 55, pp. 1–126. 

86. Cooper, W.F.; Nuttall, W.H. CXII.—Furan-2: 5-dialdehyde. J. Chem. Soc. Trans. 1912, 101, 1074–1081. 

87. Dutta, S.; Wu, L.; Mascal, M. Production of 5-(chloromethyl)furan-2-carbonyl chloride and furan-2,5-dicarbonyl chloride from 

biomass-derived 5-(chloromethyl)furfural (CMF). Green Chem. 2015, 17, 3737–3739. 

88. Onkarappa, S.B.; Dutta, S. High-Yielding Synthesis of 5-(alkoxymethyl)furfurals from Biomass-Derived 5-(halomethyl)furfural 

(X=Cl, Br). ChemistrySelect 2019, 4, 5540–5543. 



Catalysts 2024, 14, 117 29 of 29 
 

 

89. Jia, W.; Liu, H.; Feng, Y.; Zhang, J.; Zhao, X.; Sun, Y.; Wei, Z.; Yang, S.; Tang, X.; Zeng, X.; et al. Efficient supercritical carbon 

dioxide promoted reductive amination of furfural using water as hydrogen donor over Ni/CaCO3. J. Clean. Prod. 2022, 345, 

131029. 

90. Karlinskii, B.Y.; Romashov, L.V.; Galkin, K.I.; Kislitsyn, P.G.; Ananikov, V.P. Synthesis of 2-azidomethyl-5-ethynylfuran: A new 

bio-derived self-clickable building block. Synthesis 2019, 51, 1235–1242. 

91. Szmant, H.H.; Chundury, D.D. The preparation of 5-chloromethylfurfuraldehyde from high fructose corn syrup and other 

carbohydrates. J. Chem. Technol. Biotechnol. 1981, 31, 205–212. 

92. Sakhautdinova, G.F.; Malikova, R.N.; Bortsova, Y.L.; Mochalov, K.S.; Muratov, E.M.; Galimova, E.F.; Sakhautdinov, I.M.; 

Mustafin, A.G. Synthesis of 5-(hydroxy-, chloro-, bromomethyl)furan-2-enones Based on Fructose and their Antioxidant 

Activity. Chem. Nat. Compd. 2021, 57, 869–874. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


	1. Introduction
	2. Production of HMF and Furfural
	3. Production of CMF
	3.1. CMF Production from Sugar Monomers and Dimers
	3.2. CMF Production from Real Biomass Sources
	3.3. Considerations and Tools for Solvent Selection in the Biphasic Production of CMF and Other Furans

	4. Overview of the Synthetic Possibilities of CMF
	4.1. Rehydration and Hydrolysis
	4.2. Hydrogenation and Reduction
	4.3. Oxidation
	4.4. Esterification
	4.5. Etherification
	4.6. Amination
	4.7. Other

	5. Conclusions and Outlook
	Nomenclature
	References

