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Preface

The modern world is moving towards sustainable development and furan is a
key material in this transition. Furan is processed from furfural, which is an
organic compound obtained from biomass feedstock. Thus, furan is a green and 
environmentally friendly material. It is used to produce pharmaceuticals, resin, 
agrochemicals, and lacquers. It is an important starting material for a variety
of industries for the preparation of many useful products. This book presents
comprehensive information on furan and its derivatives.

Chapter 1 presents recent developments in catalytic enantioselective reactions
of furans derived from biomass, such as unsubstituted furan, 2-methylfuran,
2,5-dimethylfuran, and furfural. Although several review articles have dealt with
the Diels-Alder reactions of furans, there have been no articles highlighting enanti-
oselective versions. The resulting products derived from the catalytic enantioselec-
tive reaction of furan are often found as core structures in natural products and
pharmaceuticals with important pharmacological activities. After recognizing the
valuable skeleton of chiral furan derivatives, numerous attempts have been made to
synthesize them by utilizing enantioselective cycloaddition reactions, Friedel-Craft
reactions, and nucleophilic addition reactions. Enantioselective cyclization reactions
using furans as the 4π diene component provided chiral dihydrofuran derivatives.
On the other hand, Friedel-Craft and nucleophilic addition reactions served various
furan derivatives with the chiral carbon atom in the a-position.

Chapter 2 examines the synthesis of the compound 2-[2-(4-methylphenylamino)-
4-phenylthiazol-5-yl]benzofuran prepared from 1-(4-methylphenyl)-3-
(N-phenylbenzimidoyl)thiourea and 2-(2-bromoacetyl)benzofuran in the
presence of triethylamine and characterized by FTIR, NMR, and mass spectra.
Density functional theory (DFT) computations were adopted for the geometric
optimization of this compound to evaluate the Mulliken atomic charge distribu-
tion, HOMO-LUMO energy gap, and vibrational analysis. The titled compound
induced G1 cell cycle arrest, which is regulated by CDK2 in cancer cells. Therefore,
we used molecular modelling to study in silico the possible inhibitory effect as a
mechanism of this compound as anticancer agents (PDB code:2KW6, 6DL7, 6VJO,
6WMW, 7LAE). The molecular docking study revealed that the compound was
most effective in inhibiting CDk2 cancer cells.

Chapter 3 reports on the synthesis of new α,α-diaminoester and α,α-diamino
acid derivatives, as 2-benzamido-2-[(tetrahydro-furan-2-ylmethyl)amino] 
acetic acid through alkaline hydrolysis reaction of corresponding N-benzoylated 
methyl α,α-diamino ester. The α,α-diaminoester derivative was synthesized by
nucleophilic substitution of methyl α-azido glycinate N-benzoylated with
2-tetrahydrofuran-2-ylmethan-amine. The structure of these products was
established on the basis of NMR spectroscopy (1H, 13C) and MS data.

Chapter 4 describes new reactive hotmelt (RHM) adhesives based on thermally
reversible Diels-Alder networks comprising multifunctional furan and maleimide
prepolymers. The prepolymer mixture is easy to apply in bulk from the melt

XII



Preface

The modern world is moving towards sustainable development and furan is a 
key material in this transition. Furan is processed from furfural, which is an 
organic compound obtained from biomass feedstock. Thus, furan is a green and 
environmentally friendly material. It is used to produce pharmaceuticals, resin, 
agrochemicals, and lacquers. It is an important starting material for a variety 
of industries for the preparation of many useful products. This book presents 
comprehensive information on furan and its derivatives.

Chapter 1 presents recent developments in catalytic enantioselective reactions 
of furans derived from biomass, such as unsubstituted furan, 2-methylfuran, 
2,5-dimethylfuran, and furfural. Although several review articles have dealt with 
the Diels-Alder reactions of furans, there have been no articles highlighting enanti-
oselective versions. The resulting products derived from the catalytic enantioselec-
tive reaction of furan are often found as core structures in natural products and 
pharmaceuticals with important pharmacological activities. After recognizing the 
valuable skeleton of chiral furan derivatives, numerous attempts have been made to 
synthesize them by utilizing enantioselective cycloaddition reactions, Friedel-Craft 
reactions, and nucleophilic addition reactions. Enantioselective cyclization reactions 
using furans as the 4π diene component provided chiral dihydrofuran derivatives. 
On the other hand, Friedel-Craft and nucleophilic addition reactions served various 
furan derivatives with the chiral carbon atom in the a-position.

Chapter 2 examines the synthesis of the compound 2-[2-(4-methylphenylamino)-
4-phenylthiazol-5-yl]benzofuran prepared from 1-(4-methylphenyl)-3- 
(N-phenylbenzimidoyl)thiourea and 2-(2-bromoacetyl)benzofuran in the 
presence of triethylamine and characterized by FTIR, NMR, and mass spectra. 
Density functional theory (DFT) computations were adopted for the geometric 
optimization of this compound to evaluate the Mulliken atomic charge distribu-
tion, HOMO-LUMO energy gap, and vibrational analysis. The titled compound 
induced G1 cell cycle arrest, which is regulated by CDK2 in cancer cells. Therefore, 
we used molecular modelling to study in silico the possible inhibitory effect as a 
mechanism of this compound as anticancer agents (PDB code:2KW6, 6DL7, 6VJO, 
6WMW, 7LAE). The molecular docking study revealed that the compound was 
most effective in inhibiting CDk2 cancer cells.

Chapter 3 reports on the synthesis of new α,α-diaminoester and α,α-diamino 
acid derivatives, as 2-benzamido-2-[(tetrahydro-furan-2-ylmethyl)amino]  
acetic acid through alkaline hydrolysis reaction of corresponding N-benzoylated 
methyl α,α-diamino ester. The α,α-diaminoester derivative was synthesized by 
nucleophilic substitution of methyl α-azido glycinate N-benzoylated with  
2-tetrahydrofuran-2-ylmethan-amine. The structure of these products was 
 established on the basis of NMR spectroscopy (1H, 13C) and MS data.

Chapter 4 describes new reactive hotmelt (RHM) adhesives based on thermally 
reversible Diels-Alder networks comprising multifunctional furan and maleimide 
prepolymers. The prepolymer mixture is easy to apply in bulk from the melt 



IV

and after application to the substrates, the adhesive undergoes polymerization 
at room temperature resulting in crosslinked bonds. Due to their thermoplastic 
nature and low melt viscosity at hot melt application temperatures, the adhesives 
provide processing properties similar to moisture-cured polyurethanes (PURs). 
The technology is isocyanate-free and does not require moisture to initiate the 
crosslinking. Bonding and tensile properties of the RHM adhesive can be readily 
tuned by prepolymer design and provide cure rates like those of PUR adhesives. 
The Diels-Alder adhesives provide versatile adhesion to a variety of substrates and 
good creep resistance up to the retro temperature. The adhesives show good thermal 
stability during application and can be recycled multiple times by simple heating/
cooling of the bonds providing similar performance. Several furan and maleimide 
prepolymers were scaled up to multi-Kg quantities to demonstrate the potential 
for industrial scalability. The results demonstrate that furan-maleimide reversible 
chemistry can be used for RHM application as a more sustainable alternative 
to conventional moisture curing PURs, which tend to contain harmful residual 
isocyanate monomers.

Chapter 5 discusses the evolution of NOx precursors NH3 and HCN from pyrolysis 
of furfural residue (FR). The pyrolysis process was carried out in a thermogravi-
metric analyzer (TGA) coupled to a Fourier-transform infrared (FTIR) spectrometer. 
The combination revealed insightful information on the evolution of NH3 and 
HCN. This information allows for better understanding of the characteristics of 
FR derived from furfural production, especially with regard to NH3 and HCN. 
Nitrogen is considered a minor component in biomass wastes; in this study nitrogen 
content is about 0.57%. However, the pollution potential of low-nitrogen content is 
huge through both direct and indirect processes. Thus, this study presents results on 
FR pyrolysis in a pure nitrogen environment. At the heating rate of 40ºC/min-1, the 
only NOx precursor detected was HCN at 713cm-1 as per the database provided by 
National Institute of Standards and Technology (NIST). NH3 was not detected. The 
particle size of FR used ranged between 0.15 and 0.25 mm.

Chapter 6 reviews pure furanics, tannin–furanics, and tannin–furanic-furanic 
humins as fire resistant, environmentally friendly rigid biofoams. More recently, 
furanic wood adhesives have been developed in which a major furan portion 
is coupled with either synthetic or bioadhesives. In the case of furanic wood 
bioadhesives, formulations developed range from being 90% to 100% biosourced. 
Equally, furanic rigid plastics of considerable mechanical resistance have also been 
developed and applied in the production of angle-grinder disks and automotive 
brakes with very encouraging results showing the capacity of these resins to resist 
to the very high mechanical stresses applied.

Chapter 7 describes furfural, a five-membered heterocyclic aromatic hydrocarbon 
derivable from acid hydrolysis of sugar cane bagasse, maize cob, rice husk, or any 
cellulose-containing material. It is useful in the synthesis of a range of special-
ized chemical products. Its condensation with nitromethane in basic medium 
yields 2-(2-Nitrovinyl) furan. This functional group (nitrovinyl) has been docu-
mented as a potent antimicrobial agent against gram-positive and gram-negative 
 bacteria, with more potency against the gram-positive strains. The reaction of urea 
and thiourea with furfural yields bisimines-1,3-bis[(E)-furan2-yl)methylene]
urea, and 1,3-bis[(E)-furan-2-yl) methylene]thiourea, respectively. The two 
compounds are good antimicrobial agents in addition to the latter being a potential 
dye for wool and cotton fabrics with different hues. Also, the reaction between 
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acetophenone and furfural (an aldehyde) in a basic medium yields the chalcone: 
(E)-3-(furan-2-yl)-1-phenylprop-2-ene-1-one. This chalcone has been confirmed as 
a good antifungal agent and wood-protector against termite attack. Thus,  chemical 
modification of the aldehyde functional group of furfural to nitro, imine, and 
chalcone groups imparted different activities on furfural.
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Chapter 1

Catalytic Enantioselective
Reactions of Biomass-Derived
Furans
Dong Guk Nam, Jung Woon Yang and Do Hyun Ryu

Abstract

In this chapter, recent developments with regard to catalytic enantioselective
reactions of furans, derived from biomass such as unsubstituted furan,
2-methylfuran, 2,5-dimethylfuran, and furfural are described. Although several
review articles have dealt with the Diels-Alder reactions of furans, there have been
no articles highlighting enantioselective versions. The resulting products derived
from the catalytic enantioselective reaction of furan are often found as core struc-
tures in natural products and pharmaceuticals with important pharmacological
activities. After recognizing the valuable skeleton of chiral furan derivatives,
numerous attempts have been made to synthesize them by utilizing
enantioselective cycloaddition reactions, Friedel-Crafts reactions, and nucleophilic
addition reactions. Enantioselective cyclization reactions using furans as the 4π
diene component provided chiral dihydrofuran derivatives. On the other hand,
Friedel-Crafts and nucleophilic addition reactions served various furan derivatives
with a chiral carbon atom in the α-position.

Keywords: enantioselective, cycloaddition, Diels-Alder, Friedel-Crafts, furan,
nucleophilic addition

1. Introduction

Furfural and 5-hydroxymethylfurfural (HMF) have received significant atten-
tion as promising platform chemicals due to their versatile utility in the synthesis of
various commodity chemicals and fuels [1–3]. These platform chemicals can be
easily transformed into value-added chemicals, such as 2-methylfuran, 2,5-
dimethylfuran, and other furans via chemical conversions or fermentation [4–6].
Since aromatic heterocycle furans are present in a variety of chiral natural products,
pharmaceuticals, and other intermediates, a plethora of enantioselective methodol-
ogies has been developed for the synthetic community [7–9]. The important strate-
gies are given as follows—(i) enantioselective cyclization reactions including
cycloadditions using furans as the 4π diene component and cyclopropanation
between furan and diazoester to obtain various valuable chiral synthons (Section 2);
(ii) enantioselective Friedel-Crafts cycloadditions for the fabrication of carbon-
carbon bonds between furans and electron-deficient alkenes, yielding chiral centers
at the α- or β-position of furans (Section 3); (iii) various enantioselective nucleo-
philic addition reactions of furfural as an electrophile for the construction of chiral
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hydroxyl functional groups (Section 4). Thus, this chapter is divided into three
sections.

2. Catalytic asymmetric cyclization reactions of furans

Since the first cyclopropanation between unsubstituted furan and chlorodia-
zopropene was reported by de Meujere and Kositkov in 1991, reactions using
unfunctionalized furan have emerged as a challenging area in organic chemistry
[10]. In most cases, numerous reports have utilized substituted furan at the 2- or 3-
positions. However, biomass-derived furan such as normal furan or methyl-
substituted furans are generally held to be poor dienes in Diels-Alder reactions and
have poor reactivity for cyclization as well as cyclopropanation. Therefore, it has
been difficult to develop such reactions with simple furan, and extending it to the
catalytic enantioselective version was extremely difficult. Since the discovery of an
enantioselective furan Diels-Alder reaction in 1997 by the Evans group [11], some
progress in this area has been achieved. The aim of this chapter is to mainly discuss
the catalytic enantioselective reaction of simple furans for Diels-Alder reaction,
[4 + 3] cyclization, and cyclopropanation. The reaction of functionalized and
substituted furan will not be included here.

2.1 Cu or Pd-catalyzed enantioselective Diels-Alder reactions with furans

The first highly enantioselective catalytic Diels-Alder reaction using an
unsubstituted furan reactant was accomplished by the Evans group in 1997 [12, 13].
They utilized a bisoxazoline-copper complex 1 as a Lewis acid catalyst for the Diels-
Alder reaction between acrylamide 3 and furan 2 to produce the chiral cycloadduct
products 4 as an important synthetic intermediate of shikimic acid in 97% yield
with 97% ee (Figure 1).

The Diels-Alder reaction between acrylamide 3 and furan 2 was accomplished
using different metal catalysts. The Lassaletta and Ishihara groups independently
reported copper(II) complex-catalyzed Diels-Alder reactions to produce the endo-
selective cycloadduct product 8 in 92% yield with 98% ee and 88% yield with 96%
ee, respectively [14, 15]. An exo-selective and highly enantioselective Diels-Alder
reaction of acrylamide 3 and furan 2 were accomplished by the Kabuto group in
2004 through the use of a chiral phosphinooxazolidine-palladium complex 7 as the
active catalyst (Figure 2) [16].

Figure 1.
Catalytic enantioselective Diels-Alder reactions with copper catalyst.
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2.2 Oxazaborolidium-catalyzed enantioselective Diels-Alder reactions
with furans

A few examples of catalytic asymmetric Diels-Alder reaction of unsubstituted
furans have been reported. Corey, Ryu, and coworkers successfully reported the
Diels-Alder reaction between furan 12 and 1,1,1-trifluoroethyl acrylate 3 through
the use of oxazaborolidinium 10 or 11 as a metal-free catalyst in combination with
trifluoroacetic acid (TFA) or bis(trifluoromethane)sulfonimide (Tf2NH) (Figure 3)
[17]. Various methyl-substituted furans were employed as dienes, which exhibited
superior activity and tolerance for this study, rendering the desired cycloadduct
product 13 in excellent yields with excellent diastereo- and enantioselectivities.

In 2011, Shibatomi and coworkers accomplished chiral oxazaborolidine
15-catalyzed enantioselective Diels-Alder reactions between furan 12 and
fluoromethylated (E)- or (Z)-acrylate yielding the corresponding product 17 with
up to 99% ee (Figure 4) [18]. As depicted in Figure 4, various β-fluoro-substituted

Figure 2.
Chiral copper or palladium catalyst for the catalyzed Diels-Alder reaction.

Figure 3.
Enantioselective Diels-Alder reactions with 1,1,1-trifluoroethyl acrylate.
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(E)- or (Z)-acrylates 16 and substituted furans 12were well tolerant with a selective
approach for high enantioselectivities as well as endo/exo-selectivities (up to 99/1
and 1/99).

Corey and coworkers reported asymmetric Diels-Alder reactions of
di-substituted furans 20with acrylate 21 in 2016 [19]. The use of oxazaborolidinium
catalyst 18 activated by aluminum bromide (AlBr3) gave the cycloadduct 22 in 99%
yield with 99% ee (Figure 5). Diastereoselectivity and reaction times were
further improved through the introduction of fluorinated oxazaborolidines as
second-generation catalyst 19.

Figure 4.
exo-Selective enantioselective Diels-Alder reaction with fluoromethylated acrylate.

Figure 5.
Enantioselective Diels-Alder reactions with various dienophiles.
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Occasionally, the catalytic system comprising a chiral N-heterocyclic stabilized
borenium cation for the enantioselective Diels-Alder reaction required low reaction
temperatures. To overcome this drawback, Chein and coworkers designed a sulfur-
stabilized borenium cation, oxathiaborolium catalyst 23 in combination with tin
chloride (SnCl4). However, in the case of unsubstituted furan 2, the reaction
required �60 °C for the enantioselective Diels-Alder reaction with ethyl acrylate 24
(Figure 6) [20].

In 2010, Corey and coworkers reported a catalytic asymmetric Diels-Alder reac-
tion by employing an allenic ester 26 as the dienophile with di-substituted furans
20. The use of 5–20 mol% of chiral oxazaborolidinium ion (COBI) 11 or 18 as a
catalyst gave various synthetically valuable cycloadducts 27 with good to excellent
yields and high stereoselectivities (Figure 7) [21].

The usefulness of the Diels-Alder cycloadduct 27a is illustrated in Figure 8.
Selective reduction of 27a and hydrogenation using Wilkinson’s catalyst produced
synthetic unit 28. Further transformation of 28 to (�)-laurenditerpenol, known to
be a potent inhibitor of HIF-1α, was achieved based on a known procedure [22].

An alternative organocatalytic Diels-Alder reaction of furan 2 with acrylic enone
29was developed by the Harada group. Allo-Threonine-derived oxazaborolidinones
(OXB) 28 were employed as a catalyst to afford the corresponding cycloadduct 30
with good to high yields and excellent enantioselectivities (Figure 9) [23]. Although
this new motif catalyst 28 has weaker Lewis acidity compared to the cationic

Figure 6.
Enantioselective Diels-Alder reactions with ethyl acrylate.

Figure 7.
Enantioselective Diels-Alder reactions with allenic ester.
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oxazaborolidine catalyst, OXB catalyst 28 exhibited high performance in terms of
stereoselectivity in Diels-Alder reactions between furans and α,β-unsaturated
ketones.

2.3 Enantioselective [4 + 3] cyclization (or annulation) reactions with furans

The [4 + 3]-annulation consisting of the tandem cyclopropanation/Cope
rearrangement of furan is a useful and predictable tool for the stereoselective
synthesis of seven-membered rings. Asymmetric synthesis of 8-oxabicyclo[3.2.1]
octene derivatives (33 or 34) was achieved by utilizing vinyl diazoacetate 31 or 32
bearing chiral auxiliaries, such as (S)-lactate or (R)-pantolactone, respectively, in
the presence of catalytic amounts of rhodium(II) octanoate. Practical and general
[3 + 4]-annulation methods for the synthesis of oxabicyclic product with excellent
yields (up to 91% yield) and enantioselectivities (up to 95% ee) were developed by
Davies and coworkers in 1996 (Figure 10) [24].

In 2008, the same group described the Tetrakis[(R)-(+)-N-(p-
dodecylphenylsulfonyl)prolinato]dirhodium(II) (Rh2(R-DOSP)4)-catalyzed reac-
tion of vinyl diazoacetate 35 and furan 36 for the generation of formal [4 + 3]
cycloadducts 37 with excellent stereoselectivities (up to >94% de and 98% ee). This
reaction was smoothly proceeded by a tandem cyclopropanation/Cope
rearrangement followed by stereoselective tautomerization (Figure 11) [25].

Figure 8.
Synthesis of (�)-lauenditerpenol.

Figure 9.
Chiral Diels-Alder reactions with α,β-unsaturated ketones catalyzed by oxazoborolidinone.

8

Furan Derivatives - Recent Advances and Applications



In 2017, Vicario and coworkers reported that chiral 1,1-binaphthol (BINOL)-based
Brønsted acid 38 catalyzed the enantioselective oxidative [4 + 3] cycloaddition of furan
40 and oxyallyl cation generated in situ through the oxidation of allenamide 39 with
dimethyldioxirane (DMDO) as the oxidant. Stereochemical environments were
induced through hydrogen-bonding and ion-pairing interactions during the [4 + 3]
cycloaddition process, enabling efficient chirality transfer that furnished [4 + 3] cyclo-
addition products 41 in excellent yields and with high stereocontrol (Figure 12) [25].

In 2017, Jacobsen and coworkers reported that H-bond donors such as chiral
squaramide 42 could activate relatively unreactive electrophiles for promoting
enantioselective reactions in the following manner. Initially, chiral squaramide was
able to interact with silyl triflates by binding the triflate counterion to produce a
highly Lewis acidic complex (so-called enhanced Lewis acidity). The silyl triflate-
chiral squaramide combination promoted the generation of oxocarbenium interme-
diates from acetal 43. Controlled enantioselectivity during the nucleophilic addition
of furan 40 to the cationic intermediate was achieved through noncovalent
interactions between the squaramide catalyst and the oxocarbenium triflate. Under
optimal reaction conditions, the cycloadducts 44 could be obtained in 55–98%
yields with 66–96% ee (Figure 13) [26].

2.4 Enantioselective cyclopropanation reactions with furans

Reactions of furans with carbenoids led to cyclized reactions, such as cyclopro-
panation. Additionally, a cyclopropanation reaction could be performed through

Figure 10.
Enantioselective [4 + 3] cyclization with chiral auxiliary substituted diazoacetoacetate.

Figure 11.
Enantioselective [4 + 3] cycloaddition with benzofuranyldiazoacetates.
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Figure 12.
Enantioselective [4 + 3] cyclization with allenamide.

Figure 13.
Enantioselective [4 + 3] cyclization with silyl enol ether.
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the reaction of furan and diazoacetate under a metal catalyst. Reiser and coworkers
reported the enantioselective cyclopropanation of furans using a copper catalyst,
however, the reaction was achieved when the furan was substituted with ester
groups at the 2- or 3-position [27]. To solve this problem, Davies and coworkers
designed the catalytic system using dirhodium catalyst. When simple furan and aryl
diazoester was subjected to the rhodium-catalyzed enantioselective cyclopro-
panation reaction, both cycloadduct product 46 and bis-cyclopropanation product
47 were obtained in 5–65% yields with 91–93% ee and 8–68% yields, 93–96% ee,
respectively (Figure 14) [28].

3. Catalytic asymmetric Friedel-Crafts reactions of furans

One of the most efficient methods for the synthesis of chiral heteroaromatic
compounds with a stereogenic center in the benzylic position is the Friedel-Crafts
reaction between carbonyl compounds and electron-deficient alkenes [29]. This
field of chemistry has been intensely explored since around 2000, and interest in
this field is still growing. Most catalytic enantioselective Friedel-Crafts reactions can
be utilized with electron-rich aromatic and heteroaromatic compounds, such as
aniline and indole derivatives. However, reports with regard to the use of furans for
this study are still scarce due to the relative instability and reduced nucleophilicity
of furans compared to indoles and pyrroles [30]. In particular, catalytic
enantioselective versions of the Friedel-Crafts reaction with biomass-derived furans
as well as normal furan are much less developed than other aromatics.

The first catalytic enantioselective Friedel-Crafts reaction using biomass-derived
furan was accomplished by the Jørgensen group in 2000 [31]. Only methyl or
trimethylsilyl-substituted furans 36 were subjected to the Friedel-Crafts reaction in
combination with ethyl glyoxalate 49 in the presence of the C2-symmetric chiral
Cu(II)-bis(oxazoline) complexes 48 as the catalyst, resulting in the formation of the
desired product 50 in low to high yields with moderated enantioselectivities
(Figure 15).

One year later, in 2001, the same group described an enantioselective Friedel-
Crafts reaction of normal furan or biomass-derived furans 36 with ethyl trifluor-
opyruvate 51 utilizing the chiral Cu(II)-bis(oxazoline) complex 48 [32]. In the case
of non-substituted furan, a poor yield (15%) for the Friedel-Crafts product 52 was
observed despite achieving good enantioselectivity (81% ee). However, various
substituted furans provided the desired products with good to high enantioselec-
tivities (Figure 16).

Figure 14.
Enantioselective cyclopropanation with vinyldiazoacetates.
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In 2009, Yamazaki and coworkers utilized chiral cis-aminoindanol-derived bis
(oxazoline)-Cu(II) complexes in catalytic enantioselective Friedel-Crafts reactions
between furans 12 and ethenetricarboxylates 54. As a result, chiral 2-alkylated
products 55 were obtained in high yields (73–93) with low to moderate enantios-
electivities (25–62% ee) (Figure 17) [33].

Figure 16.
Enantioselective Friedel-Crafts reactions with ethyl trifluoropyruvate.

Figure 15.
Enantioselective Friedel-Crafts reactions with glyoxalates.

Figure 17.
Enantioselective Friedel-Crafts reactions with ethenetricarboxylates.
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Another attempt with regard to the asymmetric Friedel-Crafts reaction of furans
36 with alkyl glyoxalates 57 utilizing Jacobsen’s Co(II)-salen complexes 56 as a
catalyst was accomplished by the Jurczak group in 2006 (Figure 18) [34]. High-
pressure (ca. 10 kbar) conditions were essential to obtain chiral furfuryl alcohols 58
as an important synthetic intermediate in moderate to good yields (28–85%) with
moderate enantioselectivities (26–66% ee).

A few years later, in 2008, the same group successfully performed catalytic
enantioselective Friedel-Crafts reaction between furans 36 and n-butyl glyoxalates
60 by switching the catalytic system from Co(II)-salen complexes 56 to BINOL/Ti
complexes 59. As a result, the enantioselectivity and chemical yield of the desired
chiral furanyl hydroxyacetate 61were enhanced compared to the previous results in
Figure 18. Notably, various substituted furans including normal furan 36 were
tolerant for this reaction and provided the desired products 61 in excellent yields
with high to excellent enantioselectivities (Figure 19) [35].

Cationic square planar metal complexes [M(diphosphine)]2+, where M = Pt,
Pd, Ni)] have emerged as an alternative class of Lewis acid catalysts such as

Figure 18.
Enantioselective Friedel-Crafts reactions with alkyl glyoxalates.

Figure 19.
Enantioselective Friedel-Crafts reactions with n-butyl glyoxalates.
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Cu-bisoxazolines (Box), Ti-BINOL, and Co-salen due to the following unique
characteristics—(i) well-defined coordination geometries to help control the
stereochemical environment; (ii) high carbophilicity; and (iii) tunable electronic
properties for enhancing Lewis acidity [36]. Mehdi-Zodeh and coworkers
introduced cationic square planar-platinum or palladium metal complexes as
Lewis acid catalysts into the Friedel-Crafts reaction between biomass-derived
furans 36 and ethyl trifluoropyruvate 51. Specifically, the use of either 2,20-bis
(diphenylphosphino)-1,10-binaphthyl (BINAP) 62 or 9,90-dimethyl-9,90,10,100-
tetrahydro-9,10,90,100-biethenobianthracene-11,110-bis(diphenylphosphino)-
12,120-diyl (Me2-CATPHOS) 62 gave the corresponding 2-hydroxy-trifluoromethyl
ethyl esters 64 in good yields with moderate to good enantioselectivities
(Figure 20) [37].

The first enantioselective organocatalytic Friedel-Crafts reaction with biomass-
derived furan 66 using the first-generation MacMillan’s chiral imidazolidinone as an
organocatalyst 65 was reported by the thesis of Paras in 2004 [38]. In general, the
sense of high asymmetric induction using a chiral imidazolidinone catalyst for
enantioselective reactions was well established with the following distinctive
features—(i) E-selective iminium ion formation when reacting the catalyst
with α,β-unsaturated aldehydes; (ii) chirality of the benzyl group on the catalyst
backbone shields re-face of the α,β-unsaturated iminium ion, leaving the si-face
exposed to nucleophilic addition. However, the desired Friedel-Crafts product 68
was unfortunately obtained in high yield but moderate enantioselectivity when
employing biomass-derived furan 66 (Figure 21).

In 2010, Harada and coworker reported an organocatalytic Friedel-Crafts reac-
tion between furans 12 and α,β-unsaturated ketones 70 using a chiral oxazaboro-
lidinone (OXB) catalyst 69 to produce the chiral Friedel-Crafts products 71 in good
to excellent yields (62–99%) with high enantioselectivities (77–93% ee) [39]. As
shown in Figure 22, different substituted furans and α,β-unsaturated ketones were
well tolerated in this reaction.

The highly enantioselective organocatalytic Friedel-Crafts reaction with
biomass-derived furan 66 using chiral phosphoric acid 72 as an organocatalyst was
accomplished by the Akiyama group in 2010 [40]. They utilized a highly sterically
hindered phosphoric acid catalyst 72 in the Friedel-Crafts reaction of furan 66 with
methyl trifluoropyruvate 73 to afford the desired product 74 in excellent yield of
99% with high enantioselectivity (82% ee) (Figure 23).

Figure 20.
Enantioselective Friedel-Crafts reactions catalyzed by metal complexes catalyst.
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Figure 21.
Enantioselective Friedel-Crafts reactions with α,β-unsaturated aldehydes.

Figure 22.
Enantioselective Friedel-Crafts reactions with α,β-unsaturated ketones.

Figure 23.
Enantioselective Friedel-Crafts reactions catalyzed by phosphoric acid.
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4. Various catalytic asymmetric nucleophilic addition reactions of
furfural

Asymmetric nucleophilic addition reactions with aromatic or heteroaromatic
aldehyde derivatives are powerful C-C bond-forming reactions that can provide
chiral hydroxy compounds with stereogenic hydroxy functional groups. Therefore,
the development of asymmetric nucleophilic addition is an ongoing challenge in
organic synthesis. Following the first demonstration of the catalytic asymmetric
nucleophilic addition with biomass-derived furfural by the Yamamoto group in
1997 [41], numerous reports with regard to catalytic asymmetric reactions of fur-
fural have been published including the reaction of allylation [42], aldol reactions
[43, 44], nitroaldol (henry) reaction [45, 46], alkylation [47–49], acylation [50],
the Reformatsky reaction [51], the Nozaki-Hiyama reaction [52], alkynylation [53],
and hydroboration [54] with various types of catalysts (Figure 24). However, the
enantioselective catalytic nucleophilic addition reaction of 5-hydroxymethyl-
furfural (HMF) has not yet been reported.

5. Conclusion

As we have shown in this book chapter, a variety of synthetic approaches, such
as cycloaddition reactions, Friedel-Crafts reactions, and nucleophilic addition reac-
tions, are elegant methodologies that have been efficiently used for the
enantioselective reaction of biomass-derived furans. While Friedel-Crafts and
nucleophilic addition reactions serve various furan derivatives with a chiral carbon
atom in the α-position, enantioselective cyclization reactions using furans as the 4π
diene component affords chiral dihydrofuran or tetrahydrofuran derivatives. Syn-
thesizing chiral synthons or highly functionalized products derived from furan may
show great potential not only for the creation of new libraries that could lead to the
development of biologically active compounds but also for stimulating further

Figure 24.
Various catalytic asymmetric nucleophilic addition reactions with furfural.
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research toward versatile applications of these molecules via another asymmetric
catalysis. There is no doubt that the further development of catalytic
enantioselective reactions with biomass-derived furans will continue to provide
exciting results in near future.
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Chapter 2

Density Functional 
Theory and Molecular 
Modeling of the Compound 
2-[2-(4-Methylphenylamino)-4-
phenylthiazol-5-yl]benzofuran
Yardily Amose, Fathima Shahana and Abbs Fen Reji

Abstract

The compound 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran 
was prepared from 1-(4-methylphenyl)-3-(N-phenylbenzimidoyl)thiourea and 
2-(2-bromoacetyl) benzofuran in the presence of triethylamine and characterized 
by FTIR, NMR, and mass spectra. Density functional theory (DFT) computations 
were adopted for the geometry optimization of this compound, to evaluate their 
Mulliken atomic charge distribution, HOMO-LUMO energy gap, and vibrational 
analysis. The titled compound induced G1 cell cycle arrest, which is regulated by 
CDK2 in cancer cells. Therefore, we used molecular modeling to study in-silico 
for the possible inhibitory effect as a mechanism of this compound as anticancer 
agents (PDB code: 2KW6, 6DL7, 6VJO, 6WMW, and 7LAE). The molecular dock-
ing study revealed that the compound was the most effective in inhibiting CDk2 
cancer cells.

Keywords: benzofuran, DFT, vibrational analysis, molecular docking, anticancer agent

1. Introduction

Natural products have the potential to provide medicine with a source of novel 
structures. Nature is capable of producing complex molecules with numerous 
chiral centers that are planned to interact with biological systems. The marine 
environment is a rich source of biologically active natural products, many of 
which have not been originated in terrestrial sources [1, 2]. Marine natural 
products have fascinated the attention of biologists and chemists all over the 
world. As a consequence of the potential for new drug discovery, marine natural 
products have attracted scientists from different disciplines such as organic 
chemistry, bioorganic chemistry, pharmacology, biology, and ecology. From the 
studies 2,4-diaminothiazoloylbenzofuran and 2-aminothiazoloylbenzofuran 
analogs of dendrodoine have good docking characteristics, antimicrobial activi-
ties, we further planned to synthesize and evaluate the biological properties 
of 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran (Figure 1) 
as further analogs of dendrodoine. These observations show that synthesis of 
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2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran with a view to 
studying their biological activity, they exhibit a variety of bioactivity such as 
antibiotics, anticancer, anti-inflammatory, antitumor, antiviral, antibacterial, and 
antifungal activities. Hence, in this work the computational DFT calculation, par-
ticularly those based on hybrid functional method evolved to a powerful quantum 
chemical tool for the determination of the electronic structure of the molecule. 
Besides, molecular docking studies were carried out and the mechanisms of action 
of this compound on CDK2 cancer cell lines were studied.

2. Experimental

2.1 Material and methods

All chemicals were purchased from Sigma-Aldrich and were used without puri-
fication. It includes benzonitrile, aniline, anhydrous aluminum chloride, sodium 
hydroxide, triethylamine, p-tolyl isothiocyanate, and 2-bromoacetylbenzofuran. 
The organic solvents (spectroscopic grade) were used as received. The spectra had 
been documented on Bruker Avance400 FTNMR spectrometer (400 MHz for 1H 
and 13C NMR spectra), mass spectrometer on Agilent 6520(QTOF) positive mode 
ESI-MS, and Nicolet 400 FTIR spectrometer. The melting point was examined 
using digital melting point apparatus and uncorrected.

The density functional theory (DFT) was performed with Guassian-03 
B3LYP/6-31G(d,p) basis set. Docking studies were carried out using the Hex 8.0 
dock software with a grid dimension of 0.6. Discovery studio 3.5 visualizer was used 
to analyze the docking results.

2.2  General procedure for the synthesis of 2-[2-(4-methylphenylamino)-4-
phenylthiazol-5-yl]benzofuran

To a solution of 1-aryl-3-(N-phenylbenzimidoyl)thiourea (1 mmol) in 5 ml N,N-
dimethylformamide (1 mmol) was added. The mixture was stirred well and kept at 
room temperature for 5 hours. Triethylamine (2 mmol) was then added and the mix-
ture was heated carefully at 55°C for 1 hour with occasional stirring afforded yellow 
precipitate. It was subsequently purified by crystallization from ethanol–water [3, 4].

Figure 1. 
Structure of 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran.
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2.3 Synthesis of 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran

The orange yellow precipitate obtained was recrystallized using 2:1 etha-
nol–water solution. Yield 65.5%, m.p. 244–247, Analysis found: C, 73.63: H, 4.39: 
N, 7.02%: Calc. for C25H18N2O2S (410.49): C, 73.15: H, 4.42: N, 6.82%: IR (KBr)
cm-1: 3584, 3577, 3561, 3493, 3425, 3407, 3286, 3224, 3130, 3062, 3037, 3010, 2924, 
2372, 1566, 1552, 1533, 1514, 1447, 1427, 1251, 1118, 1045, 1020, 746, 661. 1H NMR: 
(400 MHz, DMSO-d6) 2.37(s, 3H, CH3), 6.87 (d, 8.4 Hz, 2H, 2ArH), 7.18–7.39 (m, 
7H H-5, H-6, 5ArH), 7.49–7.65(m, 4H, H-3, H-4, 2ArH), 7.87(d, 7.6 Hz, H-7), and 
10.98(s, 1H, NH).

3. Results and discussion

3.1 Computational chemistry

3.1.1 Molecular geometry

The quantum chemical calculation is performed by DFT method with Becke’s 
three parameters hybrid functional for the exchange part and the Lee-Yang-Parr 
(B3LYP) correlation function with 6-31G(d,p) basis set using Gaussian 09 program 
[5]. The optimized structure of the titled compound is depicted in (Figure 2). The 
optimized structure acquired structural parameters such as bond distance, angles, 
and dihedral angles are calculated [6–8].

3.1.2 Mulliken atomic charge distribution

The calculations of atomic charges explain the changes in dipole moment, 
molecular electronic structure as well as molecular polarizability. The partial atomic 
charges are a useful part of quantum mechanical calculation The calculated atomic 
charge values are taken from the B3LYP/6-31G(d,p) method. This calculation 
depicts the charges of all atoms in the titled compound. The Mulliken atomic charge 
of all hydrogen atoms is positive, all nitrogen and oxygen possess a negative charge 
and all sulfur carry a positive charge (Figure 3).

Figure 2. 
Optimized structure of the compound 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl] benzofuran.
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Figure 4. 
HOMO-LUMO energy diagram of the compound 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]
benzofuran.

3.1.3 Analysis of frontier molecular orbitals

HOMO-LUMO energy gap explains the chemical reactivity of the molecule. If 
the energy gap is less, it is more reactive and if it is high, the compound is thermally 
stable [9]. The thermal stability of the compound is related to the hardness of the 
molecule. It is found that the charge distribution of the HOMO level of the titled 
compound is mostly localized on the thiazole and phenyl rings and the charge 

Figure 3. 
Mulliken charge distribution of the compound 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran.
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distribution of the LUMO level is delocalized throughout the molecule. The energy 
gap is found to be less than −0.1256 a.u (Figure 4).

3.1.4 Vibrational analysis

The spectroscopic signature of the titled compound was performed by FT-IR 
spectra. The theoretical vibrational frequency of the compound was calculated 
using the B3LYP/6-31G method. The titled compound consists of 50 atom that 
produces 144 normal modes of vibrations.

The bands at 3497 cm−1 are due to the N-H stretching vibration of the secondary 
amine. The bands at 3125 cm−1, 3096 cm−1 are due to the C-H stretching vibration. 
The bands at 1637 cm−1 are due to the C=O stretching vibration. The C-N stretching 
modes were observed in 1554 cm−1 (Figure 5) [9, 10].

3.1.5 Molecular docking

HEX is an interactive molecular graphics program for calculating and display-
ing feasible docking modes among the protein and the DNA molecules. To find 
out the antibacterial activity and binding energy of the titled compound, the 
molecule should bring to minimized energy level using 6-31 g(d,p) software 
system, and also the compound should obey the Lipinski rule of five shown in 
(Table 1). The molecule is docked into the active site of the CDK2 in cancer 
cells (PDB code: 2KW6, 6DL7, 6VJO, 6WMW, and 7LAE). Docking results were 
analyzed based on binding energy and hydrogen bonding [11, 12]. The correct 
interaction conformation between ligand and protein receptor is explained by 
the π–σ, π–cation, π–π interaction and Van der Wall interaction (Figure 6 and 
Table 2). Based on the results, it is clear that the compound binds favorably with 
the protein receptor.

Figure 5. 
Calculated IR spectrum of 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran.

Compound Molecular weight 
(<500 Da)

HB donar 
(<5)

HB acceptor 
(<10)

Log  
P < 5

Molecular 
refractivity (40–130)

2-[2-(4-methylphenylamino)-
4-phenylthiazol-5-yl]
benzofuran

425 2 5 6.91 125.94

Table 1. 
LIPINSKI RULE OF 2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran.
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Figure 6. 
(i)–(v) 3D docking structure of the titled compound with the protein receptors 2KW6, 6DL7, 6VJO, 6WMW, 
and 7LAE.

Cancer cell 
(PDB code)

Binding energy 
(kJ/mol)

Active sites of interactions

π–σ 
interactions

π–cation 
interactions

π–π 
interaction

Electrostatic Van der Waals

2KW6 −294.25 — ARG A:103 — ARG A:103, ARG 
A:99, GLY A:100

HIS B:254, HIS 
A:97, GLY B:252

6DL7 −356.35 ILE B:59 — TYR B:76 ASP B:74, SER 
B:77, TYR B:76

ILE B:59

6VJO −287.89 — — — TYR B:178, VAL 
B:170, ILE A:454

ASP B: 177, ASP 
A:455

6WMW −270.58 — ARG B:313, LYS 
B:314, LYS B:202

— HIS B:206,ARG 
B:313, LYS B:314, 

LYS B:202

TYR B:175, LEU 
B:186, GLY L:33, 

ALA B: 187
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4. Conclusion

Benzofuran derivatives have a broad spectrum of biological activities such 
as antimicrobial, antifungal, anti-inflammatory, anticancer, and analgesic and 
it is understood that many natural products with benzofuran moiety exhibit 
interesting biological and pharmacological activities. We have established 
the modest synthetic techniques of benzofuran analogs of dendrodoine viz. 
2-[2-(4-methylphenylamino)-4-phenylthiazol-5-yl]benzofuran and characterized 
by IR, 1H NMR, 13CNMR, and mass spectra. Theoretical information on the opti-
mized geometry, atomic charges, and frontier molecular orbitals in the ground state 
were obtained using density functional theory (DFT) using standard B3LYP/6-31G 
basis sets with Gaussian ’09 software. Mulliken population analysis was performed 
on the atomic charges distribution and the HOMO-LUMO energies were calculated 
and found that the compound is more reactive which is clearly shown in the dock-
ing study. The compound was docked with five CDK2 cancer cells. Among them, 
the cancer cell with PDB code 6DL7 binds more favorable with the titled compound 
and shows relative binding energy of −356.35 kcal/mol.

Conflict of interest

All authors declare no conflict of interest.

Cancer cell 
(PDB code)

Binding energy 
(kJ/mol)

Active sites of interactions

π–σ 
interactions

π–cation 
interactions

π–π 
interaction

Electrostatic Van der Waals

7LAE 329.14 — — CYS D1 CYS D1, GLU 
A:38, ASP A:39

VAL A:51, THR 
A:48, TYR A:45

Table 2. 
Docking score and interaction of the compounds with cancer cell line.
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Chapter 3

Synthesis and Characterization of 
New Racemic α-Heterocyclic α,α-
Diaminoester and α,α-Diamino 
Acid Carboxylic: 2-Benzamido-2-
[(Tetrahydro-Furan-2-Ylmethyl)
Amino]Acetate and 2-Benzamido-
2-[(Tetrahydro-Furan-2-Ylmethyl)
Amino] Acetic Acid
El Houssine Mabrouk

Abstract

We reported here the synthesis of new α,α-diaminoester and α,α-diamino 
acid derivatives, as 2-benzamido-2-[(tetrahydro-furan-2-ylmethyl)amino] acetic 
acid through alkaline hydrolysis reaction of corresponding N-benzoylated methyl 
α,α-diamino ester. The α,α-diaminoester derivative was synthesized by nucleophilic 
substitution of methyl α-azido glycinate N-benzoylated with 2-tetrahydrofuran-
2-ylmethan-amine. The structure of these products were established on the basis of 
NMR spectroscopy (1H, 13C), and MS data.

Keywords: Amino acid, Amine, Heterocyclic molecules, Nucleophilic substitution, 
Methyl α-azido glycinate, α,α-Diamino ester, α,α-diamino acid, alkaline hydrolysis 
reaction

1. Introduction

α-amino acids are a considerable interest due to their diversity in several fields 
of research (asymmetric organic synthesis and medicine) and applications (food 
industry and drugs). Given the very broad activity they present, research teams are 
interested in evaluating and developing their role for very effective use [1–5]. This 
has led to the development of numerous synthetic methods for a variety of com-
pounds [6]. Heterocyclic chemistry is the basis for the discovery of the importance 
of the multiple medical properties of these compounds [7–12].

Because of their multiple functionalities, heterocyclic amino acids play a consid-
erable role in the biologic processes [13, 14]. Therefore, a large number of between 
them isolated of plants have a very varied biologic activity [15].
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Heterocyclic compounds have a wide spectrum activities, including antimicro-
bial [16, 17] and antibacterial properties [18, 19], anticancer agents [20], antiviral 
[21], antitumor activity [22], and in agricultural science as potent fungicides, 
herbicides and insecticides [23]. Heterocyclic amino acids and their derivatives 
represent a well-known group of organic compounds also presenting biological 
activity [24–26]. Considering the interest in these heterocyclic amino acids, several 
structurally related nonproteinogenic amino acids and their derivatives have been 
the subject of various investigations [27–29]. We present herein a convenient and 
easy procedure for the preparation of new racemic carboxylic α,α-diamino acid 
derivative with the aim to have access to new active biomolecule with a good yield.

For this reason, we considered it interesting to synthesize new compounds con-
taining 2-tetrahydrofuran-2-ylmethanamine [30, 31] fused with an amino acid, in 
order to study their biological activities. The present study describes the synthesis 
and characterization of new α,α-diamino ester and α,α-diamino acid derivatives.

2. Results and discussions

2.1 Synthesis of new racemic α-carboxylic α,α-diamino ester

2.1.1 Preparation of azide dipole

The first step of the synthesis strategy that we have developed consists in pre-
paring the methyl ester of glycine N-protected by benzoyl chloride. Thus, the esteri-
fication of the starting amino acid is carried out by the action of thionyl chloride 
in anhydrous methanol on glycine and leads to the corresponding hydrochloride 1 
with good yield (Yield = 92%). The hydrochloride is neutralized by adding triethyl-
amine or bubbling gaseous ammonia (Figure 1).

The methyl glycinate 2 thus prepared is protected with benzoyl chloride. The 
protection reaction is carried out in dichloromethane in the presence of triethyl-
amine or pyridine. After chromatography on a silica gel column, the N-protected 
aminoester 3 is obtained in good yields. Different protecting groups may protect 
the methyl glycinate 2: trifluoroacetic anhydride, trichloroethoxycarbonyl chlorides 
and acetyl chloride.

The bromination reaction of N-protected amino ester is carried out by bromine 
in the presence of α,α’-azo-bis-isobutyronitrile (AIBN) in a catalytic amount or 
by N-bromosuccinimide, in reflux of carbon tetrachloride and under the irradiat-
ing action of a 300 W lamp. In general, methyl N-benzoyl α-bromoglycinate 4 is 
obtained in excellent yields. This product is used in most cases without purification 
in the next step (Figure 1).

The substitution of bromine by the azide group is effected by the action of 
sodium azide, in acetone, at room temperature for a period ranging from 4 to 
5 hours. Purification of the reaction crude by chromatography on a silica gel column 
(eluent: 50/50 ether/hexane) allows substitution product 5 to be obtained with 
excellent yield. The title compound is stable and can be stored for an unlimited time 
without any signs of decomposition. The methyl α-bromo glycinate 4 also can be 
used and gives satisfactory results; the azide 5 is used especially for its stability.

2.1.2 N-alkylation of the amine by N-protected methyl α-azidoglycinate 5

We continued our investigations on the use of organic azides [30, 32–37] in 
heterocyclic synthesis; we reported in this paper another part of our investiga-
tions concerning the preparation of new carboxylic α,α-diaminoester carrying 
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heterocyclic in position α. Our strategy is based on the nucleophilic substitution of 
methyl α-azido glycinate N-benzoylated 5 with 2-tetrahydrofuran-2-ylmethana-
mine (Figure 2).

In order to make a comparative study and to find the best experimental mode for 
this synthesis strategy, we carried out the synthesis reaction of the α,α-diaminoester 
in the absence and in the presence of a base (triethylamine (Et3N) or diisopropyle-
thylamine (DIEPA)) in a solvent (dichloromethane (DCM) or acetone). The results 
in Table 1 clearly show that the good yield is obtained using acetone in the presence 
of DIEPA.

2.2 Synthesis of new racemic α-carboxylic α,α-diamino acid

In continuation of our research, we will present in this work, our results concern-
ing the synthesis of new α,α-diamino acid derivative, as 2-benzamido-2-[(tetrahydro-
furan-2-ylmethyl)amino] acetic acid through alkaline hydrolysis reaction of 
corresponding N-benzoylated methyl α,α-diamino ester [31]. After the obtaining of 
the N-protected methyl α,α-diamino ester 6, we proceeded to the cleavage of the pro-
tecting groups to obtain the corresponding α,α-diamino acid 7. The hydrolysis reac-
tion of the α,α-diamino ester methyl 2-benzamido-2-[(tetrahydro-furan-2-ylmethyl)

Figure 1. 
Preparation of N-protected methyl α-azidoglycinate 5.

Figure 2. 
2-Benzamido-2-[(tetrahydro-furan-2-ylmethyl) amino] methyl acetate 6.
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amino]acetate 6 in a basic medium is carried out for approximately 30 minutes and 
leads, after acidification of the reaction medium with sulfuric acid or hydrochloric 
acid, to the corresponding α,α-diamino acid 2-benzamido-2-[(tetrahydro-furan-
2-ylmethyl) amino] acetic acid 7 in good yield (Figure 3).

3. Conclusion

The first step in our synthesis strategy is to prepare the azide dipole. In the second 
step, our objective is the preparation of carboxylic α,α-diaminoester and diamino 
acid carrying a heterocycle in position α. This method provides an easy procedure for 
the preparation of new carboxylic α,α-diamino acids derivatives in very satisfactory 
yields starting from the appropriate azide derivative 5. The nucleophilic substitution 
of methyl α-azido glycinate N-benzoylated 5 by 2-tetrahydrofuran-2-ylmethanamine 
occurred under very mild conditions and led to the 2-benzamido-2-[(tetrahydro-
furan-2-ylmethyl)amino]acetate in good yield. 2-benzamido-2-[(tetrahydro-furan-
2-ylmethyl)amino] acetic acid was synthesized through alkaline hydrolysis reaction 
of corresponding N-benzoylated methyl α,α-diaminoester.

4. Experimental

4.1 N-alkylation reaction procedure

To facilitate the nucleophilic attack of 2-tetrahydrofuran-2-ylmethanamine 
(5.72. 10−3 moles) on methyl α-azido glycinate (5.2. 10−3 moles), one adds at the start 
(6.24. 10−3 moles) of diisopropylethylamine on the amine in 20 ml of dry acetone. 
Deprotonation of the amine is carried out with stirring for one hour before adding the 
azide. At the end of the reaction which takes place for 48 hours, the evaporation of the 
solvent takes place under reduced pressure, decantation is ensured by dichloromethane 
or ethyl acetate using (Na2SO4) as desiccant, the product N-alkylated is purified by 
recrystallization or chromatography on a silica gel column (hexane/ether).

Product -
DCM

Yield (%)

Et3N
DCM

Yield (%)

Et3N
Acetone

Yield (%)

DIEPA
DCM

Yield (%)

DIEPA
Acetone

Yield (%)

6 Traces 17.5 30.5 39 72

Table 1. 
Different operating conditions for the synthesis reaction of 2-benzamido-2 - [(tetrahydro-furan-2-ylmethyl) 
amino] methyl acetate 6.

Figure 3. 
2-Benzamido-2-[(tetrahydro-furan-2-ylmethyl)amino] acetic acid 7.
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4.2  N-benzoylated methyl α,α-diaminoester: Methyl 2-benzamido-2-
[(tetrahydro-furan-2-ylmethyl)amino]acetate 6

Yield = 72.0%; m. p. °C (hexane/ether (1/1)): 130–132; Rf (ether) = 0.63; M.S. 
(electrospray) m/z = 292.3 [M]; 293.3 [M + 1]; C15H20N2O4. 13C NMR (δppm, 
CDCl3): (2CO): 171.98, 169.07; C6H5 (aromatic): 135.77, 131.33, 129.54, 128.34; 
(OCH): 77.23; (-CH-): 71.32; (OCH3): 54.49; 4· (CH2): 66.12, 50.25, 27.07, 24.13. 
1H NMR (δppm, CDCl3): 8.02–7.40 (5H, NHamid + Ar, 3 m); 5.60 (1H, Hα, br s); 
4.45–4.10 (3H, NH + HTHF, 2 m); 3.75 (3H, OCH3, s); 2.90 (2H, NCH2, m); 1.75–1.20 
(5H, HTHF, 2 m).

4.3  Deprotection of acid function: Synthesis of N-benzoylated α,α-diamino acid 
derivative 7

To a solution of the N-benzoylated α,α-diamino ester derivative (1 mmole) in 10 mL 
of dioxane/water mixture (8/2), one adds 1.5 mmole of NaOH (0.5 N) with stirring and 
at 0°C. The stirring is maintained at room temperature until disappearance of the start-
ing material. The reaction is always followed by TLC. The solvent is then evaporated and 
the pH of the aqueous phase is adjusted to 6 using a solution of sulfuric acid or hydro-
chloric acid (0.5 N). One extracts with ethyl acetate and the organic layers recovered, are 
dried and concentrated under vacuum. The product is recrystallized from ether/hexane.

4.4 2-Benzamido-2-[(tetrahydro-furan-2-ylmethyl)amino]acetic acid 7

Yield: 88%; Rf: 0.7 (ether); 1HNMR (CDCl3): δppm: 1.25–1.80 (2 m, 5H, HT.H.F); 
2.85 (m, 2H, NCH2); 4.20–4.50 (2 m, 3H, HT.H.F + NH); 5.5 (br s, 1H, Hα); 7.45–8.00 
(3 m, 5H, Ar + N-Hamid). 13C NMR (CDCl3): δppm: 4 (CH2) 25.45, 27.18, 52.05, 66.42; 
72.12 (-CH-); 77.26 (OCH); 127.84, 129.34, 131.72, 135.68 (C6H5 aromatic carbons); 
169.12, 171.92 (2CO). MS (electrospray) m/z = 279.2 [M + 1]; 278.2 [M]; C14H18N2O4.
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Chapter 4

Furan Functionalized Polyesters 
and Polyurethanes for Thermally 
Reversible Reactive Hotmelt 
Adhesives
Laxmisha M. Sridhar, Andrew T. Slark and James A. Wilson

Abstract

New reactive hotmelt (RHM) adhesives based on thermally reversible Diels-Alder 
networks comprising multifunctional furan and maleimide prepolymers are described. 
The prepolymer mixture is easy to apply in the bulk from the melt and after application 
to the substrates, the adhesive undergoes polymerization at room temperature result-
ing in crosslinked bonds. Due to their thermoplastic nature and low melt viscosity at 
hot melt application temperatures, the adhesives provide processing properties similar 
to moisture cured polyurethanes (PUR). The technology is isocyanate-free and does 
not require moisture to initiate the crosslinking. Bonding and tensile properties of the 
RHM adhesive can be readily tuned by prepolymer design and provide cure rates simi-
lar to PUR adhesives. The Diels-Alder adhesives provide versatile adhesion to a variety 
of substrates and good creep resistance up to the retro temperature. The adhesives 
show good thermal stability during application and can be recycled multiple times 
by simple heating/cooling of the bonds providing similar performance. Several furan 
and maleimide prepolymers were scaled up to multi-Kg quantities to demonstrate 
the potential for industrial scalability. The results demonstrate that furan-maleimide 
reversible chemistry can be used for RHM application as a more sustainable alternative 
to conventional moisture curing PURs which tend to contain harmful residual  
isocyanate monomers.

Keywords: Furan, maleimide, polyurethane, thermally reversible, recyclable, 
moisture-free, isocyanate-free, de-bonding

1. Introduction

Several furan derivatives such as furfuryl alcohol, furfural and 5-hydroxymeth-
ylfurfural are bioderived. The industrial use of furan derivatives in polymeric appli-
cations is increasing - for example, furfuryl alcohol and furfural are used as raw 
materials to make furan resin, which is applied as a binder in polymeric concrete 
for construction [1]. 5-Hydroxymethylfurfural is a bioderived precursor for making 
2,5-furandicarboxylic acid, which is a raw material used to make polyesters that 
are projected to replace phthalate plasticizers and even PET [2]. Other polymeric 
applications of furan derivatives include copolymerization in phenol-formaldehyde 
system [3], melamine-formaldehyde [4] and in biomedical applications [5]. In 
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addition, benzofuran type highly conjugated furan functional polyaromatics have 
been used in organic solar cells [6]. On an industrial scale, Furnova Polymers Ltd. 
sells several furan based polymeric materials for concrete, anticorrosion, com-
posites and high temperature applications. Another potential application of furan 
derivatives is reversible crosslinking to generate polymers that can be used to bond 
substrates and which can be reworked or de-bonded by depolymerization at high 
temperatures caused by the retro Diels-Alder reaction. Incorporation of furan-
maleimide based thermally reversible covalent crosslinks into polymers is known 
[7]. Upon heating above 80°C, the crosslinks dissociate and upon cooling the 
crosslinks reform. This property has been used in a number of applications such as 
in interpenetrating networks [8], remendability [9] and self-healing [10]. Adhesives 
are widely used to bond substrates in a number of consumer and industrial applica-
tions [11]. Crosslinked adhesives provide the highest bond strength and durability 
but have a negative environmental impact, since permanent adhesion prevents 
easy separation at their end-of-life which does not facilitate the re-use or recycling 
of materials. With increasingly stringent requirements for meeting fuel economy 
and recycling targets, the automotive and electronic industry has a strong need for 
debondable/reworkable adhesives that enable efficient repositioning in defective 
assemblies or end-of-life cycle recycling. Adhesives have also been used to replace 
metal fasteners to make the assembly lighter and thus help meet the fuel economy 
target. There have been several reports on the use of maleimide-furan Diels-Alder 
networks for reversible adhesives that include epoxy [12], polyacrylates [13] and 
polyurethanes [14]. However, in these reports, a low molecular weight monomeric 
maleimide compound such as N,N′-(4,4′-methylene diphenyl) bismaleimide (BMI), 
which is readily available commercially, was used. However, this BMI is highly toxic 
and unsuitable for practical consumer or industrial adhesive applications. It also has 
poor compatibility with most resin systems because of its rigid aromatic backbone 
and high polarity. While Diels-Alder based reversible non-isocyanate polyurethanes 
have been described before [14], little is known on their material properties. Most 
of the reported reversible polymeric systems based on furan-maleimide Diels-Alder 
networks required exposure to hot solvents for effective removal of components. 
In summary, the incorporation of Diels-Alder chemistry in a truly practical fashion 
has not yet been demonstrated.

Traditional hot melt adhesives based on, for example, polyolefins or polyamides 
are thermoplastic polymers which melt upon heating so that they can be applied 
to a substrate in a fluid state when hot. The cohesive strength of these adhesives 
is derived primarily from intermolecular physical forces which are formed upon 
cooling the adhesive. Polyurethane RHM adhesives are also applied in molten form 
and initial (green) strength is provided on cooling into a solid state. However, these 
adhesives are reactive (made from isocyanate functional prepolymers) which cure 
by moisture over time at ambient temperature resulting in adhesives with improved 
performance, such as adhesion strength, heat resistance, toughness and chemical 
resistance [15] when compared to thermoplastic hotmelts. The isocyanate prepoly-
mers are typically made by reacting excess diisocyanates such as 4,4′-methylenebi-
sphenyl diisocyanate (MDI) with polyols. Practical use of this chemistry (lower 
viscosity at hotmelt application temperature) requires that a NCO/OH ratio in the 
range 1.5 to 2.3 should be used for the synthesis of isocyanate prepolymers. The 
resulting compositions usually contain residual diisocyanates such as MDI, which 
are respiratory and skin sensitizers. Despite the successful development of moisture 
curable RHM, the technology has some limitations. For example, RHMs must be 
stored in the absence of moisture to prevent premature curing and require special-
ized application equipment for processing to keep moisture out. The cure rates of 
RHM’s can also vary depending on atmospheric humidity level, moisture content 
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of the substrates, bond line thickness and moisture vapor transmission rate of the 
adhesive [16]. The compositions cure irreversibly and such adhesives cannot be used 
in applications where features such as repositionability, reworkability or recyclabil-
ity are desired. There remains a need for improvement in RHM technology. Here 
we report on a new thermally reversible RHM that undergoes cross-linking at room 
temperature after application from the melt by copolymerization of polyfunctional 
furans and maleimides. Poly(ester urethane)-based prepolymers with maleimide 
end groups are developed and combined with the polyfunctional furans to provide 
thermally reversible polyurethane RHM’s that are isocyanate-free and exhibit a 
range of physical properties similar to conventional polyurethane based RHMs. The 
new adhesives can be bonded, de-bonded and re-bonded multiple times without a 
significant change in performance.

2. Results and discussion

2.1 Initial proof-of-concept, ambient curing and cured adhesive strength

The thermally reversible RHM concept is schematically represented in Figure 1 
involving the dynamic equilibrium of Diels-Alder networks based on the combina-
tion of a polyfunctional furan crosslinker (indicated in blue color) and a maleimide 
prepolymer (indicated in red color). In the hotmelt state at higher temperatures 
(left hand side), network dissociation is favored - the Diels-Alder equilibrium is 
shifted toward free furan and maleimide functional prepolymers that provides 
the molten state. The fluid adhesive is then applied to substrates and after cooling, 
the prepolymers form crosslinked adhesive at ambient temperature via the [4 + 2] 
cycloaddition reaction between furan and maleimide functional groups (right 
hand side).

Reactive PUR hot melts are desirable due to their ease of application (involv-
ing low melt viscosity), high initial green (uncured) strength, curing at ambient 
temperature and versatile cured adhesion/durability. For initial investigations into 
the suitability of this concept, a variety of polyfunctional furans and maleimides 
were made in order to critically determine if they could behave like PUR hotmelts 
currently in use, i.e. (a) be applied as a fluid hotmelt at moderate temperatures, (b) 
crosslink at ambient temperature over a reasonable time period and (c) provide 

Figure 1. 
Thermally reversible reactive hotmelt concept. For clarity, furan and maleimide functional reacting 
prepolymers are indicated in blue and red colors, respectively (see text for description).
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suitable cured bond strengths. To this end, a number of polyfunctional furans 
and maleimides were made, formulated into reactive hot melts and compared to a 
reference commercially available PUR adhesive. Polyfunctional furans F-1, F-2, F-3, 
F-4, F-5 & F-6 comprising ester and urethane linkages were made (Figure 2). F-2, 
F-3, F-4 and F-5 were made by simple addition of bio renewable furfuryl alcohol to 
the corresponding commercially available isocyanates. To mimic polyurethane like 
properties, F-6 possessing a PU backbone was made by initially reacting polyester 
or polyether polyols with MDI followed by bulk addition of furfuryl alcohol in the 
same pot. Trifunctional furan F-1 was synthesized by reacting 1,3,5-benzenetri-
carbonyl chloride with furfuryl alcohol in the presence of triethylamine as base 
in a solvent [17]. When the isocyanate starting material are liquids, a bulk process 
can be used to make the corresponding polyfunctional furans. For example, F-2, 
F-5 and F-6 were made in the bulk without the use of solvents simply by slow 
addition of furfuryl alcohol to the corresponding isocyanates. The polyfunctional 
isocyanate starting material used for F-3 synthesis is commercially supplied in 25% 
butyl acetate solvent and it was used as supplied. Several batches of polyfunctional 
furans were made at multi-Kg scale to demonstrate the industrial scalability of the 
process [18].

Figure 2. 
Polyfunctional furan resins used in the study.
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Several bismaleimide resins (BMI) were also investigated as components in the 
study (Figure 3). M-1 is a liquid BMI supplied by Henkel Corporation and it has 
a flexible 36-carbon dimer diol backbone (represented as C36). Two maleimide 
prepolymers M-2 & M-3, possessing poly(ester urethane) backbones were also used 
(discussed in detail in the later part of this chapter). Both the resins M-2 and M-3 
were made in a bulk process by first reacting corresponding polyester polyols with 
excess MDI and subsequently capping the isocyanate terminated polyurethane 
prepolymers with 2-hydroxyethylmaleimide in a 2-step, one-pot process similar to 
the process used for the synthesis of F-6 [18]. The polyester polyols used for M-2 
and M-3 (Dynacoll 7360 and 7231, respectively - obtained from Evonik) are used in 
typical moisture cured RHM formulations. Since excess diisocyanate is used in step 
1 (1:2 stoichiometry of diol to diisocyanate used, some chain extension observed), 
a minor reaction product arising from the reaction of residual MDI remaining from 
step 1 with 2-hydroxyethylmaleimide was also observed. However, these adducts are 
nonvolatile as a consequence of their higher molecular weight and polarity (urethane 
& maleimide functionalities) as compared to MDI itself. Due to the presence of 
polyfunctional furans in the melt, they will be incorporated into the crosslinked 
Diels-Alder network. This is in stark contrast to conventional moisture cured RHM’s 
based on isocyanate prepolymers, where the toxicity arises primarily from the volatil-
ity of residual MDI (at hotmelt application temperature) and potential hydrolysis to 
the corresponding aromatic amine. Prepolymers M-2 & M-3 possess semicrystalline 
and amorphous polyester backbones, respectively, and were used to investigate their 
impact on properties. A commercially available rigid aromatic bismaleimide M-4 
(Daiwakasei industry) was also investigated as an additive in formulations to study its 
effect on properties. Several other polyfunctional maleimides were also made by sim-
ple addition of 2-hydroxyethylmaleimide to polyfunctional isocyanates by a process 
similar to that used for the synthesis of polyfunctional furans described in Figure 2. 
However, initial formulation work by blending these polyfunctional maleimides with 
furan prepolymers F-6 (possessing PU backbone) did not show much promise likely 
as a result of compatibility issues between highly polar polyfunctional maleimides 
and F-6. Hence, this approach was not pursued further.

Our initial formulation work focused on the feasibility of achieving room 
temperature cure and identifying structural features that contributed to bond 
strength at room temperature and 80°C. The components of formulas DA-1 to DA-7 
shown in Table 1 were mixed in the melt (typically at 120–150°C) until they became 

Figure 3. 
Bismaleimide (BMI) resins used in the investigation.
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completely homogenous followed by coating on Beechwood substrate (250 μm coat-
ing thickness, see Table 1) and subsequent bonding.

The bonded substrates were allowed to cure at 23°C for 1 week at 50% relative 
humidity (RH) before testing for lap shear strength. As a control, a commercial iso-
cyanate terminated polyurethane prepolymer (PUR) from Henkel Corporation was 
used. This control was bonded, cured at room temperature for 1 week and tested in 
the same way as the Diels-Alder based formulations.

Formula DA-1, which used a flexible BMI resin M-1 showed good curability at 
room temperature as evidenced by good lap shear strength development (DA-1 v 
PUR). Owing to the inherent thermal reversibility of the network, the lap shear 
strength at 80°C was slightly inferior to the control PUR. The addition of 10 wt% 
of rigid aromatic BMI M-4 improved the hot strength at 80°C (DA-6 vs. DA-1). 
However, the room temperature curability of DA-6 was negatively affected as 
evidenced by the lower lap shear strength. This is likely a result of a higher glass 
transition temperature (Tg) of the network which would restrict mobility of 
the reactants at room temperature. By partially substituting F-1 with flexible 
bifunctional F-5 (maintaining crosslinks in the network), the room temperature 
curability was improved at the expense of 80°C strength (DA-7 v DA-6). Similar 
observations were made with formulas DA-2 and DA-3. Use of flexible furan F-2 
in DA-2 gave good lap shear strength at room temperature. In contrast, rigid furan 
F-3 used in formula DA-3 improved the hot lap shear strength at the expense of 
room temperature strength. Formula DA-5 that contains F-4 with a rigid aromatic 
backbone showed lap shear performance similar to DA-3 at both room temperature 
and 80°C. For comparison, a linear Diels-Alder network (DA-8 formula) was made 
by blending bifunctional precursors F-5 and M-1 and allowing to copolymerize at 
room temperature for 3 days. A size exclusion chromatography (SEC) molecular 
weight comparison of this polymer with M-1 and F-5 showed a several-fold increase 
in molecular weight arising from step-growth polymerization at room temperature 
(Figure 4). In addition, there were very low levels of reactants M-1 & F-5 pres-
ent. While both M-1 and F-5 are medium viscosity liquids at ambient temperature 
(2,000–5,000 cP), the linear polymer was a gel like material at room temperature 

Formula F-1 F-2 F-3 F-4 F-5 M-1 M-2 M-3 M-4 Lap sheara Lap shearb

DA-1 24.4 75.6 5.4 0.8

DA-2 36.8 63.2 5.8 0.7

DA-3 49.2 50.8 2.0 1.8

DA-4 17.5 25 57.5 5.0 0.9

DA-5 32 68 3.1 1.5

DA-6 27 63 10 3.3 1.8

DA-7 14 25 51 10 5.6 0.7

DA-8 44 56 n.d. n.d.

Controlc (PUR) 4.9 1.1
aLap shear strength tested at ambient temperature [beechwood substrate, 25 × 25 mm bond overlap], unit MPa.
bLap shear strength tested at 80°C in air circulated oven [beechwood substrate, 25 × 25 mm bond overlap], unit 
MPa.
cA commercial isocyanate prepolymer from Henkel corporation was used as a reference.
n.d. means not determined.
The lap shear samples were tested using a JJ Lloyd tensiometer, with a load cell of 10 kN & a crosshead speed of 
100 mm.min−1.

Table 1. 
Diels-Alder formulations investigated in the study. The formulation components shown are in weight % (wt%).
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and a liquid at 60°C as a likely consequence of low Tg (both M-1 and F-5 possess 
flexible backbones). No lap shear measurements were performed on this system. 
The molecular weight for the polymer is likely to increase further if left at room 
temperature for a longer time period since it would take about a week for high 
prepolymer conversion (discussed later in the chapter). The SEC data presented 
here further demonstrates the room temperature reactivity of the Diels-Alder based 
systems.

The cause of contrasting lap shear results obtained with formulations DA-2 and 
DA-3, which contain the same maleimide component M-1 but structurally dif-
ferent furans F-2 and F-3, respectively, was investigated by differential scanning 
calorimetry (DSC) studies. It should be noted that F-2 contains a flexible backbone 
while F-3 possesses a highly rigid cycloaliphatic backbone. Figure 5 shows DSC 
thermograms for neat F-2 and F-3, and the corresponding formulas DA-2 and 
DA-3, respectively. Polyfunctional furan F-2 appears to be completely compatible 
in the DA-2 formulation with only a Tg at 10°C for the crosslinked network and 

Figure 4. 
SEC chromatogram comparison for M-1 (Mp = 1298 Da), F-5 (Mp = 1116 Da) and the corresponding linear 
Diels-Alder polymer DA-8 (Mp = 15294 Da). Mp refers to peak molecular weight. The chromatograms were 
run using Waters e2695 instrument comprising three Agilent Polypore 7.8*300 mm GPC columns using THF as 
mobile phase and Waters 2414 as a RI detector against polystyrene standards.

Figure 5. 
DSC thermograms (TA instruments Discovery DSC 25) of F-2, DA-2, F-3 and DA-3. Reproduced from [17] 
with permission from Royal Society of Chemistry.
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an endotherm above 100°C corresponding to the retro Diels-Alder depolymeriza-
tion. No residual melting point for F-2 was recorded. In contrast, the cured DA-3 
network shows a residual melting point at 76.7° C for F-3 along with the expected 
endotherm for the depolymerization. This indicates that the rigid F-3 is partially 
incompatible at room temperature in DA-3, which could explain the lower lap shear 
strength obtained at room temperature (DA-3, Table 1). The partial incompatibility 
could also be resulting from the higher concentration of F-3 (higher molecular 
weight) required in DA-3 (as compared to DA-2) for 1:1 molar equivalence between 
furan and maleimide functionalities. The higher Tg of the partially cured network 
is also likely contributing to incomplete polymerization at room temperature. The 
DA-3 formula likely needs to be heated to above the melting point of F-3 for better 
compatibility, which is reflected in higher lap shear strength observed at 80°C. A 
similar effect may be operating in DA-5, which uses rigid furan F-4, although this 
was not investigated in detail.

Since the Diels-Alder network formation does not require moisture for curing, 
in principle the cure rate is independent of moisture availability. Figure 6 shows 
comparison of cured films of DA-1 and the moisture cured PUR control. The DA-1 
cured film appears clean without bubbles (Figure 6, left image). In contrast, the 
moisture curing PUR control shows significant bubble generation arising from 
CO2 evolution during moisture cure (right image). If CO2 cannot diffuse out of the 
bond line during application, the pressure generated can cause substrate deforma-
tion, especially when non-porous substrates are bonded together, such as plastics 
and metals.

Overall, these preliminary results indicate that a combination of both soft and 
rigid backbones are required in the prepolymers to obtain a balance of adhesion 
strength at room temperature and 80°C. The effect of Tg of the crosslinked network 
on prepolymer conversion at room temperature is discussed in detail at a later 
section. Formula DA-4, which used the rigid F-3 crosslinker and two bismaleimides 
M-2 and M-3 possessing poly(ester urethane) backbones showed lap shear perfor-
mance very similar to the PUR control. This initial investigation showed that the 
new thermally reversible RHM could be applied as fluid hotmelts at moderate tem-
peratures, would cure at similar rates to conventional PUR at ambient temperature 
and that similar bond strengths could be achieved. Based on these initial results, 
DA-1 and DA-4 were selected for more detailed investigations.

Figure 6. 
Appearance of cured films of DA-1 (left) and moisture cured PUR control (right).
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2.2 Thermal stability

In real world applications, RHM adhesives are held at the desired applica-
tion temperature (e.g. in the range 120–150°C) for a number of hours until all 
the substrates are coated and bonded in the production line. This requires good 
thermal stability up to several hours in the open air. To investigate the stability of 
the Diels-Alder RHM system, DA-4 (which is compositionally closest to PUR) was 
held at a specified melt temperature and the viscosity was measured as a function 
of time using a Brookfield viscometer (Figure 7). The initial melt viscosity is in the 
range 7,000–17,000 mPa.s at 135°C and 150°C, similar to the melt viscosity of PUR 
products which provide good substrate wetting. The DA-4 formula also shows good 
thermal stability at 135°C and 150°C up to about 6 hours. It should be noted that the 
viscosity profile of the DA-4 at these temperatures is very similar to the moisture 
cure PUR benchmark. To test the limit of thermal stability, DA-4 was also held at 
180°C for several hours. However, significant viscosity increase was observed likely 
arising from homopolymerization of the free maleimide component. It should be 
noted that this is not a typical temperature used for reactive hotmelts in current 
industrial applications since the NCO prepolymers would be highly unstable at 
these temperatures as trimerization of isocyanate functionality is possible.

2.3 Green (initial) strength

An important processing property requirement of RHM adhesives is green 
strength, which is the initial bond strength soon after the adhesive is applied from 
the melt and before moisture curing takes place. Liquid NCO prepolymers applied 
at ambient temperature have very little green strength as there is little cohesion to 
keep substrates apart, and substrates need to be clamped together before sufficient 
strength is built up. However, reactive PUR hot melts have the advantage that the 
green strength is relatively high and additional steps are not required to hold sub-
strates together before curing takes place. This results from non-covalent interac-
tions providing physical strength on cooling, provided by hydrogen bonding and 
crystallization. DA-1 and DA-6 (similar formulas but DA-6 with 10% additive) were 

Figure 7. 
Melt viscosity of DA-4 at different application temperatures as a function of time (run using Brookfield 
Viscometer model RVDV-1 with a Model 74R temperature controller and Thermosel unit using spindle no. 27). 
Reproduced from [17] with permission from Royal Society of Chemistry.
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evaluated for green strength in comparison to the PUR reference by rheological 
analysis. Experiments were performed with rapid cooling where adhesive composi-
tions were positioned between parallel plates cooled from application temperature 
to 40°C at a cooling rate of 60°C per minute in nitrogen atmosphere, and then held 
for 20 minutes to evaluate the storage modulus (elastic component) as a function 
of time. Figure 8 shows that DA-1 (comprising a very flexible aliphatic backbone) 
has a lower modulus than the PUR reference. However, this can be tuned since 
DA-6 (similar to DA-1 but with 10% additive) provides higher green strength than 
the reference as a consequence of the incorporation of a rigid, aromatic backbone. 
These results indicate that the green strength of Diels-Alder based RHM systems 
can be tuned by the appropriate choice of prepolymer composition.

2.4 Cure dynamics and adhesion development

FT IR spectroscopy was used to investigate the ambient temperature conver-
sion of the DA-1 composition after deposition from the melt by monitoring the 
characteristic maleimide absorption at 696 cm−1 (Figure 9). In the cured film (top 
IR trace indicated in black color), the 696 cm−1 band is not visible. After heating 
the film at 150°C for 1 h and immediately cooling, this band is prominent initially 
but decreases in intensity as the crosslinking progresses. The decrease is rapid in the 
first two days after deposition followed by a slower change in the next several days. 
The band is barely visible after 10 days of storage at room temperature.

In a separate experiment, the composition DA-1 was applied from the bulk 
between two Beechwood substrates (25 × 25 mm bond overlap) and bond 
strength development was compared over time at room temperature and at 60°C 
(Figure 10). At room temperature, the bond strength increases substantially 
over a period of 48 hours before tending to a plateau. This is consistent with the 
decrease of the maleimide absorption peak at 696 cm−1 as Diels-Alder cycload-
dition progresses as shown in Figure 9. It is interesting to note that substrate 
failure begins to occur at a bond strength of about 4 MPa and that this is reached 
in approximately 24 hours at room temperature. In comparison, the strength 
development at 60°C is more rapid and reaches 4 MPa in approximately 2 hours.

Figure 8. 
Green strength development comparison of DA-1 (red), DA-6 (green) with PUR control (blue). Test performed 
on ARES-M rheometer (TA instruments) using dynamic oscillatory test method in which 10 rad/s oscillating 
frequency was used with 1% strain and the data recorded at 11 second intervals.
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2.5 Cured properties and adhesion

For isocyanate terminated PUR moisture cure adhesives, the mechanical 
performance is determined by a combination of covalent crosslinking formed by 
moisture curing (including urea formation), H-bonding of urethane groups and 
crystallinity from polyester segments present in the prepolymer backbone. The 
urethane and urea groups contribute to the flexibility & elongation of the cured 
network while the crystallinity of the polyester segment causes further reinforce-
ment of modulus and stiffness. The results discussed previously demonstrated that 
the lap shear strength, room temperature curability and mechanical properties 
can be tuned by proper choice of polyfunctional furans possessing rigid or flexible 
backbones. However, to achieve properties similar to moisture cured PUR, the use 
of polyurethane backbones with reinforcing crystalline segments is necessary. We 
sought to achieve this initially by making furan functional PU prepolymers F-6 pos-
sessing semicrystalline polyester segments and blending them with polyfunctional 
maleimides obtained by the addition of 2-hydroxyethylmaleimide with polyfunc-
tional isocyanates. However, our initial results did not show promise likely as a 

Figure 9. 
IR spectra of DA-1 cured network over the range 600–1000 cm−1 before heating (top) and over time at ambient 
temperature after deposition from the melt. IR measurements were recorded using a PerkinElmer FT-Infra-red 
spectrometer equipped with a UATR Two accessory. Reproduced from [17] with permission from Royal Society 
of Chemistry.

Figure 10. 
Comparison of lap shear strength development on Beechwood substrate for DA-1 formulation at room 
temperature (RT) and 60°C as a function of time.
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result of compatibility issues. As an alternative approach, maleimide terminated 
PU prepolymers M-2 & M-3 possessing poly(ester urethane) backbones were made 
(Figure 3) in a one-pot bulk process and formulated with polyfunctional furans. 
The synthetic process is very similar to that utilized for the synthesis of isocyanate 
terminated PUR prepolymers except that an additional solvent-free process was 
used to react the terminal isocyanate groups with 2-hydroxyethylmaleimide in the 
same-pot [18]. The prepolymers were scaled up to several Kgs with reproducible 
performance (discussed in the next section) to demonstrate the industrial scalabil-
ity of the process. A blend of M-2 comprising a semi-crystalline backbone and M-3 
with amorphous polyester segment was used to achieve a balance of room tem-
perature and 80°C lap shear strength. Such combinations of semi-crystalline and 
amorphous polyester polyol segments are also used in moisture cured PUR products 
to provide the necessary balance of properties suitable for applications.

The DSC thermogram for the cured DA-4 network shows a Tg of −11.7°C and 
a melting point (Tm) at 50°C for the semi-crystalline polyester segment present 
in copolymerized prepolymer M-2 (also seen in the DSC thermogram of M-2). In 
addition, there is an endotherm at 140.4°C resulting from the retro Diels-Alder 
depolymerization (Figure 11). We have previously shown that the position of 
this endotherm is a function of the heating rate, with much lower temperatures 
obtained at 1°C per minute compared to 10°C per minute [17]. Compared to DA-4, 
the thermograms for DA-2 and DA-1 do not exhibit a melting point due to the 
amorphous backbones but have higher Tg values of 10°C and 47.3°C, respectively. 
In addition, the peak position and magnitude of the endotherms due to the retro 
Diels-Alder reactions are relatively low for DA-4 compared to the DA-1 and DA-2. 
This is due to the relatively lower crosslink density in DA-4 arising from lower con-
centration of furan and maleimide functional groups since the molecular weights of 
M-2 and M-3 are much higher compared to M-1 used in DA-1 and DA-2. A similar 
phenomenon has been observed in self-healing coatings [19]. It is important to 
note that no residual melting point for F-3 was seen in DA-4, which indicates good 
compatibility in the formula (compared to DA-3, Figure 5).

The conversion in the Diels-Alder polymerization of DA-1, DA-2 and DA-4 
formulas was investigated after deposition from the melt by monitoring the char-
acteristic absorption at 696 cm−1 for the maleimide functionality. Figure 12 shows 
the relative intensities of this band as a function of time. The initial absorption 

Figure 11. 
DSC thermogram for DA-4 and comparison with M-2, DA-1 and DA-2 (TA instruments Discovery DSC 25). 
Reproduced from [17] with permission from Royal Society of Chemistry.
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intensities correspond well to the relative concentration of the maleimide function-
ality in the 3 formulas (DA-1 > DA-2 > DA-4). In spite of the significant difference 
in reactive functional group density, prepolymer molecular weight and backbone, 
all the three formulas showed a similar reactivity tendency in the first 48 hours. 
There was fast reduction in the first 48 hours, followed by slower decrease, before 
reaching a plateau at 7 days. A closer look at the relative absorption after 7 days 
however showed some difference in conversion. DA-4 with the lowest Tg (−11.7°C) 
shows the highest conversion (95%) while DA-1 with the highest Tg shows the low-
est conversion (82%). This result is consistent with higher mobility typically seen 
in lower Tg networks. The lower room temperature lap shear strength previously 
observed with compositions DA-3, DA-5 and DA-6, which used polyfunctional 
furans with rigid backbones, are also likely to result from lower conversion due to 
restricted mobility (Table 1). These formulas showed better 80°C lap shear strength 
than the PUR reference.

The bond strengths of DA-1 & DA-4 were compared to the control PUR system on 
three different types of material substrates – wood, plastic and metal (Figure 13). For 
bonding Beechwood substrates at ambient temperature, the lap shear strengths of both 
Diels-Alder networks were similar to the reference PUR. However, at 80°C the bonding 
performance was slightly better for the irreversible PUR system (Figure 13A). The 
bond strength of DA-4 on polycarbonate (PC) was slightly superior to the reference 
PUR at ambient temperature (Figure 13B). On aluminum substrate in particular, the 
bond strength was exceptional for the Diels-Alder formula. These results demonstrate 
the versatile adhesion performance of the Diels-Alder based networks using different 
substrates and surface chemistry.

2.6 Cured mechanical properties

The mechanical properties of thermally reversible DA-1 and DA-4 were 
compared to the moisture cured PUR benchmark. As a result of higher crosslink 
density obtained from low molecular weight prepolymers, DA-1 exhibits the highest 
break stress and lowest elongation (Table 2). Due to the higher molecular weight 
backbones used in M-2 and M-3 prepolymers, DA-4 has a lower crosslink density. 
This results in stress–strain and elongation properties similar to PUR benchmark. 

Figure 12. 
IR absorbance comparison of maleimide absorption at 696 cm−1 as a function of time for DA-1, DA-2 and 
DA-4. Absorbance values after 7 days are: 0.027 for DA-1 (82% conversion), 0.014 for DA-2 (88% conversion) 
and 0.003 for DA-4 (95% conversion). Reproduced from [17] with permission from Royal Society of Chemistry.
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It should be noted that DA-4 and the reference PUR both comprise semi-crystalline 
polyester segments at a similar overall concentration.

The mechanical properties of DA-1, DA-2 and DA-4 Diels-Alder networks were 
evaluated by DMTA using 250 μm cured films (Figure 14). The 3 networks have 
high stiffness below their respective Tg. DA-4 has the highest mechanical proper-
ties due to the presence of the semi-crystalline segments resulting from M-2 and 
the modulus changes significantly above ambient temperature as a consequence 
of melting (Figure 14A). Above the Tg and Tm (for DA-4), the change in modulus 
is slow for the 3 networks in the temperature range 40–80°C. There is then rapid 

Figure 14. 
(A) Storage modulus vs. temperature of DA-1, DA-2 and DA-4. (B) Tanδ vs. temperature of DA-1, DA-2 and 
DA-4 from DMTA on 250 μm films. Reproduced from [17] with permission from Royal Society of Chemistry.

Figure 13. 
(A) Lap shear strength comparison of DA-1, DA-4 and control PUR at ambient temperature and 80°C using 
Beechwood substrate. (B) Bond strength comparison of DA-4 and control PUR using different substrates at 
ambient temperature. Reproduced from [17] with permission from Royal Society of Chemistry.

Formula Modulusa Break Stressa 
(MPa)

Elongation at breaka 
(%)

Creep failure temperatureb 
(°C)

DA-1 70 10.5 140 90

DA-4 124 7.7 480 80

Control 
PUR

93 5.4 735 >110

aDetermined by tensiometric analysis (100 N load cell, 100 mm.min−1).
bDetermined by vertical creep measurements (25 × 25 mm bond overlap, 1 Kg static load.

Table 2. 
Mechanical properties of films and creep resistance measurements for DA-1 and DA-4 compared to PUR 
control.
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decrease in modulus at higher temperature (above 80°C) with the tan δ reaching 1 
(Figure 14B), at which point there is a transition from a solid to a liquid phase. This 
is the temperature range where the Diels-Alder equilibrium shifts predominately 
to the prepolymeric dissociated state resulting in stretching and failure of the film 
samples being tested.

Comparison of crosslink densities of the Diels-Alder networks shows a cor-
relation between crosslink density and the rapid decrease in storage modulus (G’) 
above 80°C. DA-1 has a higher functional group concentration because of lower 
molecular weight reactants (1.63 mol.Kg−1, calculated based on stoichiometry of 
reagents), which results in higher crosslink density. Even though the Diels-Alder 
equilibrium starts to shift to the prepolymeric state above 80°C, the higher crosslink 
density present in DA-1 delays the rapid decrease in G’ to approximately 97°C. 
In contrast, DA-4 comprising a lower crosslink density (lower functional group 
concentration of 0.39 mol.Kg−1) shows a rapid change in modulus at approxi-
mately 85°C.

A further important property of RHM adhesives is their creep behavior at higher 
temperature under static load. The creep resistance of reversible DA-1 and DA-4 was 
compared with the irreversible moisture cure PUR control up to 110°C (Table 2). 
This upper temperature limit was chosen based on tan δ data, which shows liquid-
like behavior for DA-1 & DA-4 networks (Figure 14). Creep experiments were 
performed on bonded joints under a static load of 1 Kg in an oven held at a particular 
temperature for 24 h. The creep resistance of the reversible Diels-Alder system cor-
relates well with the crosslink density of the cured network. The DA-1 system with 
a higher crosslink density was resistant to creep at 80°C but the joints failed at 90°C. 
The DA-4 system which has a lower crosslink density failed at 80°C but was resilient 
to creep at 70°C. The irreversible PUR control was creep resistant over the entire 
temperature range. Both the Diels-Alder networks were creep resistant in a tempera-
ture range well above their Tg and Tm (for DA-4). This result indicates a significant 
advantage of these reversible Diels-Alder based networks as compared to some of 
the reported creep behavior of other covalently adaptable networks [20]. The failure 
temperature observed in the creep experiment of DA-1 and DA-4 networks cor-
relates well with their respective DMTA data, which indicates significant change in 
stiffness close to the failure temperature (Figure 14). Since the data shows strong 
dependency of creep resistance on crosslink density, it is feasible to develop new 
Diels-Alder systems with improved performance by changing the architecture of the 
furan and maleimide components.

2.7 Reversibility and recyclability

For a truly sustainable adhesive, its material properties and adhesion should not 
change significantly after multiple reprocessing and re-use cycles. In several indus-
trial applications (including assembly of components in the automotive industry) 
the bonded substrates need to be repositioned if a defect is found or recycled at the 
end of their life. This requires that the adhesive shows similar performance when 
subjected to multiple bond, de-bond, re-bond cycles. The repeatability of lap shear 
adhesion of DA-1 and DA-4 formulas over multiple cycles was tested using adhesive 
films cured between aluminum joints. Initial bonds were formed using a film adhe-
sive that was heated to the hotmelt dissociated state to wet the substrates and then 
cured for 7 days at ambient temperature before bond strength measurement. For 
the 2nd, 3rd and 4th re-use, the same joints were broken after the lap shear test and 
reassembled using the residual adhesive on the surface by heating and re-bonding of 
the broken joints. The adhesion data over multiple cycles is shown in Figure 15. Both 
DA-1 and DA-4 are relatively robust in performance after multiple bond, de-bond, 
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Figure 16. 
Prepolymers used for the development of soft Diels-Alder cured networks.

re-bond cycles. The bond strength of the DA-1 system is unchanged after 4 re-use 
cycles while DA-4 shows a small decrease in strength (Figure 15). This is a signifi-
cant result despite the likelihood that some adhesive could be lost or migrate out of 
the bond line during multiple heating, re-bonding and lap shear testing.

2.8 Development of the concept to soft cured Diels-Alder networks

As an extension of the RHM study, an initial investigation was performed on 
Diels-Alder based systems that give cured networks with a lower modulus at ambi-
ent temperature, approaching the pressure sensitive adhesive (PSA) region (104 to 
105 Pa). This study required the synthesis of higher molecular weight maleimide 
prepolymer M-5 comprising an amorphous polyester segment with a lower Tg. 
To this end, M-5, containing Dynacol 7250 backbone (molecular weight 5500 g.
mol−1 and Tg − 50°C as compared to 3500 g.mol−1 and Tg − 30°C for Dynacol 7231 
used previously), was made using a process similar to that used for M-3 synthesis 
(Figure 16) [18]. An additional furan F-7 possessing a very soft backbone was also 
made by simple addition of furfuryl alcohol to Desmodur XP2599 (Covestro). The 
structure of this commercially available isocyanate (functionality >3) is not known 
and the stoichiometry for the synthesis of F-7 was calculated based on isocyanate 
equivalent weight.

Figure 15. 
Bond strengths of DA-1 and DA-4 over several cycles of bonding, de-bonding and re-bonding using the same 
aluminum substrate. Reproduced from [17] with permission from Royal Society of Chemistry.
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The cured network DA-9 comprising F-2 and M-5 showed high elongation and 
a low modulus. DA-10 comprising F-7 and M-5 showed even lower modulus and 
similar elongation properties (Table 3). Figure 17 shows that melt viscosity remains 
relatively low for these types of formulation and that thermal stability is good 
over several hours at 135°C. While these amorphous networks with relatively low 
crosslink density are not expected to have the same level of creep resistance as the 
networks DA-1 and DA-4 required for RHM applications, they may be sufficient 
for PSAs. In conventional solvent borne PSA technology, permanent crosslinking 
is typically achieved by the use of low level of metal chelates, which upon evapora-
tion of the solvent bind with pendant hydroxyl or carboxylic functionality from 
the polymer backbone and provide crosslinks [21]. The degree of crosslinking is 
controlled by the amount of metal chelate used in the formulations. The crosslink-
ing mediated by the Diels-Alder reaction could potentially be an effective metal-
free substitute for new PSA development especially as a hotmelt PSA. In hotmelt 
PSA’s, the adhesive is applied from the melt to substrates (no solvent used unlike 
solvent borne PSA and environmentally friendly) and the adhesive after application 
to substrates requires a crosslinking mechanism (such as UV induced crosslinking) 
for sufficient shear adhesion strength. Since the depolymerization gives the melt 
state (and sufficiently low viscosity to wet the substrates), the Diels-Alder mediated 
room temperature crosslinking could be an effective alternative method to achieve 
crosslinking in hotmelt PSAs. More formulation work (for example with tackifiers) 
is needed to develop formulations that would meet the tack, peel and shear adhe-
sion requirements.

3. Conclusions

Polyester and polyurethane functional furans were reversibly copolymerized in 
the bulk with multifunctional maleimide prepolymers in a successful demonstra-
tion of a thermally reversible reactive hotmelt (RHM) adhesive concept that is 

Formula F-2 F-7 M-5 Modulus (Pa)a Elongation at break (%)a

DA-9 8 92 6.2 × 105 658

DA-10 20.2 79.8 5.1 × 105 579
aDetermined by tensiometric analysis (100 N load cell, 100 mm.min−1).

Table 3. 
Diels-Alder formulas used for the development of soft cured networks. The formulation components shown are 
in weight %.

Figure 17. 
Melt viscosity stability of DA-9 and DA-10 formulas as a function of time at 135°C.
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isocyanate-free. At the hotmelt temperature, the adhesive remained in the pre-
polymeric dissociated state with a low melt viscosity, enabling facile application to 
substrates and bond formation. Upon cooling, ambient temperature cure took place 
mediated by the Diels-Alder cycloaddition reaction. The reversible Diels-Alder 
RHM adhesive showed good thermal stability at the hotmelt application tempera-
ture. The green strength obtained after immediate cooling was highly tunable by 
choice of the prepolymers used in the formulation. The cure rate observed with the 
reversible RHM adhesive was similar to the moisture cure PUR benchmark and the 
new RHM adhesive showed versatile adhesion on a range of substrates. Mechanical 
and tensile properties were tunable depending on the choice of backbone pres-
ent on the prepolymers used. A strong correlation between crosslink density and 
creep performance was observed. Repeated bonding, de-bonding and re-bonding 
experiments demonstrated a similar level of performance over multiple cycles. The 
adhesive reversibility would enable recycling or repositioning of bonded compo-
nents several times without significant deterioration in performance. Diels-Alder 
networks with lower crosslink density have also been developed, which could be 
adapted for hotmelt pressure sensitive adhesive applications. Several polyfunctional 
furans and maleimide prepolymers were synthesized in multi-Kg scale to demon-
strate industrial scalability.
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Chapter 5

Pyrolysis of Furfural Residues and 
Possible Utilization Pathway
George Ngusale

Abstract

The manuscript attempts to understand the evolution of NOx precursors: NH3 
and HCN from Pyrolysis of furfural residue (FR). The pyrolysis process was carried 
out in a thermogravimetric analyzer (TGA) coupled to Fourier-transform infrared 
(FTIR) spectrometer. The combination revealed insightful information on the 
evolution of NH3 and HCN. This could help us better understand the characteristics 
of FR derived from furfural production especially with regard to NH3 and HCN. 
Nitrogen is considered a minor component in biomass wastes; in this study nitrogen 
content is about 0.57%. However, the pollution potential poised by low nitrogen 
content is huge through both direct and indirect processes. Thus, this study presents 
results that were found with regard to FR pyrolysis in pure nitrogen environment. 
At the heating rate of 40°C/min−1, the only NOx precursor detected was HCN 
at 713 cm−1 as per the database provided by National Institute of Standards and 
Technology (NIST). NH3 was not detected. The particle size of FR used ranged 
between 0.15–0.25 mm.

Keywords: furfural residues, pyrolysis, NOx precursors, TGA, FTIR

1. Introduction

In China, there exists abundant biomass in terms of agricultural crop residues 
that until now remain unutilized or under-utilized as shown Figure 1.1 The crop 
residues range from rice husks/straws, wheat husks, corn cobs and many others. 
However, crop residues such as corn cob are greatly used in furfural industries for 
furfural production. Furfural production produces waste, herein referred to  
as Furfural Residue.

Furfural residues are in abundant supply in China [1]. It is estimated that a 
furfural processing plant with an annual furfural production of 1000 t produces 
about 13000 t/a of FR [2]. The residuals are derived from corncob through an acid 
hydrolysis process as shown in Figure 2. The process eliminates hemicellulose 
component retaining the cellulose and lignin components, with probably a few 
traces of hemicellulose [3].

With the increasing demand for energy in China, FR has been undergoing 
research to determine its utilization in various aspects such as ethanol production, 
soil conditioning to mention but a few [2, 3]. The research has been motivated by 
the great need to avoid open burning of FR in open fields. Worldwide, the open 
burning and/or disposal of any given waste or residue has been known to be a major 

1 http://dimsums.blogspot.com/2010/12/69-of-crop-residues-utilized.html. 2010. [accessed 2016-02-16].



Furan Derivatives - Recent Advances and Applications

66

environmental pollutant [4, 5]. On the other hand, limited literature currently 
exists on thermal-chemical utilization of FR for energy production.

However, for FR to undergo any thermo-chemical process (pyrolysis, gasifica-
tion or combustion), knowledge on fuel-N is crucial. Fuel-N is normally converted 
into NOx which is environmentally harmful [6, 7]. In this regard, the manuscript 
considers the formation of NOx precursors mainly NH3 and HCN. Previous studies 

Figure 1. 
Utilization of crop residues in China.

Figure 2. 
Furfural residue formation.
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have indicated that different types of biomass have different intrinsic properties 
especially nitrogen functionalities [8]. Furthermore, some studies have found that 
biomass pyrolysis yields more NH3 more than HCN while others the vice-versa 
is true [7]. Therefore, this study aims to provide information on conversion of 
FR-Nitrogen during pyrolysis. This would offer a platform for comparability with 
previous studies on pyrolysis of other biomass wastes [9]. The results so obtained 
would go a long way in investigating the mechanism of NOx precursors for specific 
biomass wastes during pyrolysis process. The study used TG coupled to FTIR to 
investigate NH3 and HCN. Given the low nitrogen content in FR (about 0.57%), the 
only NOx precursor detected was HCN at 713 cm−1 as per the database provided by 
NIST2 [10].

2. Experiment

The proximate and ultimate analyses on FR carried out at Shanghai Jiao tong 
University are as shown in Table 1. Thereafter, about 5 mg of the samples whose 
diameter range from 0.15–0.25 mm were measured and then loaded in an inert 
platinum crucible placed on a balance. According to one of the manufacturers’ 
Engineer of the TGA Q5000 (in Shanghai, China), no more than 5 ± 0.5 mg should 
be loaded to ensure decomposition takes place in the kinetic regime. Then, the cor-
rect positioning of the sample holder was ensured to avoid or minimize significant 

2 National Institute of Standards and Technology (NIST) chemistry WebBook Database of organic 
chemistry compounds.

Proximate analysis (wt. %) Ultimate analysis (wt.%, dry basis)

Fixed carbona Volatile Ash Moisture s H O N S

39.13 23.31 6.95 30.61 46.51 4.94 35.09 0.51 2.09
aBy difference.

Table 1. 
Proximate and Ultimate analysis of FR.

Figure 3. 
Schematic diagram of the TGA coupled to FTIR spectrometer [13].
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temperature shifts/errors that would have occurred [11]. Pyrolysis was carried out 
at a heating rate of 40°C/min from ambient room temperature to final temperature 
of 1000°C. Though the low heating rate selected does not correspond to realistic 
thermal conditions, the value is necessary for analysis and understanding the 
experimental results. Nitrogen gas was used as the purge gas to sweep the pyrolysis 
gases and prevent secondary reactions and tar deposition on the FR sample while 
providing an inert atmosphere. The flowrate was set at 50 ml/min as the value does 
not have significant effect on amount of collected gaseous products [5]. Evolved 
gases from TGA were transmitted to a Bruker Tensor FTIR (vertex 70) spectrome-
ter via a heated transfer line kept at a constant temperature of 180–190°C to prevent 
the condensation of less volatile compounds [12]. FTIR spectra were collected with 
1 cm−1 resolution, in the range of 4000-600 cm−1 IR absorption band. A schematic 
setup of the complete TGA coupled to FTIR spectrometer is shown in Figure 3.

3. Results and discussion

3.1 Fuel properties

From Table 1, the percentage results of both proximate and ultimate analysis 
of FR were used to calculate the empirical formula (EF): CH1.2746O0.5659N0.009S0.0169. 
Then, using the EF, the value of the stoichiometric weight air-to-fuel ratio, Rs was 
obtained as 5.62. The formula for Rs assumes complete conversion to water vapors 
and carbon dioxide. Rs value for FR is approximately the same as that obtained for 
nutshells (Rs = 5.6) [14]. Similarly, the moisture content is high at 30.61% while 
nitrogen content is at 0.51%. This nitrogen content is within the range measured by 
other researchers [2, 15].

3.2 TGA—FTIR

TGA coupled to FTIR spectrometer has been known to provide insightful infor-
mation on the composition of gaseous products evolved from the pyrolysis of solid 
fuels [13, 16]. In this study, a heating rate of 40°C/min was selected high enough to 
ensure the quality of the FTIR data obtained [12].

3.2.1 TGA curves for FR

Figure 4 shows TGA curves for both weight loss and the corresponding derived 
weight of FR. Owing to limited literature on FR pyrolysis, the Authors attempted 
to learn some relevant information on FR [3, 17]. The information helped deduce 
the thermal decomposition behavior of FR. The initial temperature rise neces-
sitated moisture release from FR. The moisture released contributes about 10% 
of weight loss. Volatile matter started to be released from FR at temperatures of 
about 239°C. When the temperature reached about 748°C, more than 65% of the 
weight of FR was released under pure pyrolysis condition (using nitrogen as the 
medium). A final high temperature of 1000°C was selected.to ensure complete 
FR degradation. This might be due to higher thermo-stability of lignin in FR 
due to occurrence of more condensed polymeric structures in its composition 
[3]. Similarly, derived weight curve shows four peaks: one major peak and three 
minor ones. First minor peak occurs between 62 and 93°C with a maximum 
decomposition rate of 0.88%/°C. This indicates the released moisture from within 
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FR material. The second peak occurs between 137 and 195°C with a maximum 
decomposition rate of 3.1%/°C, indicating the degradation of hemicellulose traces 
left in FR material after hydrolysis. The third peak is the major one as it represents 
the greatest weight loss at temperatures between 275 and 334°C with a maximum 
decomposition rate of 25.2%/°C. Last but not least, fourth peak is attributed to 
lignin degradation in FR material at a broad temperature range of 369–416°C with 
a maximum decomposition rate of 6.53%/°C. This could be as a result of hemicel-
lulose extraction that tampered with the lignin content or rather a hypothesis that 
lignin undergoes a phase transition [18]. Some studies have found that at high 
temperatures (>400°C) the aromatic rings of char matrix in lignin are rearranged 
[19, 20]. However, the occurrence of the different peaks solely depends on the 
percentages of hemicellulose, cellulose and lignin contained in the original mate-
rial, which in this case is FR [21].

3.2.2 FTIR analysis of HCN and NH3 in the pyrolysis gas composition

The gaseous emissions measured with the FTIR system are as shown in 
Figures 5 and 6. Figure 5 shows the three-dimensional (3D) diagram correspond-
ing to FR pyrolysis while Figure 6 shows IR spectrum of pyrolysis products 
obtained at the maximum evolution rate for each decomposition FR.

The system has built-in calibrations for various gaseous emissions. Since the focus 
of this study was on HCN and NH3, the other emissions were not identified and 
analyzed. The wave number ranges for HCN and NH3 selected were 712–714 cm−1 
and 930–966 cm−1 respectively [9, 22]. At these wave numbers no major moisture 
content interference especially for HCN apart from the normal bending vibrations in 
the fingerprint region.

HCN, NH3 and other nitrogenous species are known to be present in low 
amounts [23–25]. Figure 7 shows HCN released from pyrolysis of FR in nitrogen 
atmosphere. The initial HCN released began at a temperature of about 152°C and 
then increased sharply to a maximum temperature of 353°C. However, a sharp 
rise in HCN released was evident within the temperature range of 286–386°C then 
slightly stabilized up to 420°C before gradual decline up to 822°C. Thereafter, 

Figure 4. 
TGA curves for both the weight loss and derived weight of FR.
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a gradual rise took place up to 1000°C. NH3 released could not be conclusively 
detected as per the NIST webBook. The study however, showed similar trends of 
previous detection of HCN, NH3 and other nitrogenous species with regard to 
pyrolysis of other biomass wastes [26, 27].

Figure 5. 
3D IR spectrum of Furfural residues.

Figure 6. 
IR spectrum of pyrolysis products obtained at the maximum evolution rate for each decomposition Furfural 
residues.
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4. Conclusion

The evolution characteristics of NH3 and HCN released from the pyrolysis of FR 
were investigated by TGA-FTIR. The pyrolysis temperature range of 200–485°C led 
to a maximum release of HCN at 353°C. At the heating rate of 40°C/min−1, the only 
NOx precursor detected was HCN at 713 cm−1 as per the database provided by NIST. 
NH3 was not detected while HCN was released from pyrolysis of FR in nitrogen 
atmosphere. The particle size of FR used ranged between 0.15–0.25 mm.

Also, percentage results of both proximate and ultimate analysis of FR obtained 
an empirical formula (EF): CH1.2746O0.5659N0.009S0.0169. Then, using the EF, the value 
of the stoichiometric weight air-to-fuel ratio, Rs, was 5.62.

As the focus of this study could not factor the effect of both varying particle size 
and heating rate, further research is recommended.

Figure 7. 
Release of HCN in nitrogen atmosphere.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Furanic Rigid Foams,  
Furanic-Based Bioplastics 
and Furanic-Derived Wood 
Adhesives and Bioadhesives
Antonio Pizzi and Anish Khan

Abstract

In this chapter, we discuss pure furanic foams and tannin-furanic foams as 
fire-resistant, environmentally friendly, rigid biofoams. We also examine furanic 
wood adhesives in which a major furan portion is coupled with either synthetics or 
bioadhesives. In the case of furanic wood bioadhesives, the formulations developed 
were 90–100% biosourced. Equally, furanic rigid plastics of considerable mechani-
cal resistance have also been developed and applied to angle-grinder discs and 
automotive brakes with very encouraging results.

Keywords: furanic foams, tannin-furanic foams, tannin-furanic adhesives,  
tannin-furanic plastics, tannin-furanic films

1. Introduction

Biosourced furan derivatives such as furfural, furfuryl alcohol, and hydroxy-
methyl furfural have been a focus of research in the last 10 to 15 years in several 
different application fields. This chapter deals with three topics: (1) fire-resistant 
furan-based foams, (2) the co-reaction to prepare wood panel bioadhesives of 
furanic materials with renewable and environmentally friendly materials, and (3) 
the preparation of hard plastics by reacting different natural and environmentally 
friendly renewable materials with furanics. A considerable level of research activity 
has been recorded in all these areas.

2. Fireproof furanic rigid foams

2.1 Tannin-furanic foams by chemical exothermal reactions

In this section we discuss the preparation of almost totally biobased tannin-
furanic foams via expansion/blowing of the foam by chemical exothermal reactions 
caused by the heat generated under acid conditions of the self-condensation of 
furfuryl alcohol. Then, we discuss tannin-furanic foams in which isocyanate is added 
in the minority to the tannin-furanic mix. We also address the applicability of these 
foams to isocyanate-based polyurethane foam factories. Synthetic isocyanate-based 
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polyurethane foams, even those using biopolyols, are not generally fire resistant 
unless some fire-retardant is used. Although the foams presented here are intrinsically 
fire resistant, like phenolic foams, but without their pollution characteristics.

Pure furanic foams are prepared by polycondensation of furfuryl alcohol under 
acid conditions [1–3]. Furanic foams are commonly used in foundries, because of 
their high resistance to heat and their relatively low cost, to bind the sand of molds 
or cores for casting engine heads or other kinds of steel tools [4, 5]. A study on the 
formation of pure furanic foams and the conservation and modification of their 
structure after carbonization is described in [6]. Ambient temperature catalysis 
of furfuryl alcohol with para-toluen sulphonic acid (pTSA) is the method used to 
prepare pure furanic foams. This research shows that the furfuryl group is the main 
repeating unit/motive from which derive the whole variety of structures observed in 
the polymer network formed (Figures 1 and 2), with structures shown in Figure 2 
been present.

The same work [6] studied the type of structures that remain in a furanic foam 
after carbonization at 900°C. The research shows that many polynuclear aromatic 
hydrocarbons are present after carbonization (Figure 3). The average molecular 
weight of the fragments increases during carbonization because of the rearrange-
ment of the furanic structures. Gasification during carbonization makes the signal 

Figure 2. 
Methylene and methylene ether bridges linking furanic nuclei in furanic oligomer structures found in linear 
oligomers from the self-condensation of furfuryl alcohol (FA). Top: reaction of the –CH2OH of FA with the 
furanic ring of a second FA molecule. Bottom: reaction of the –CH2OH of FA with the –CH2OH of another 
molecule of FA. Both reactions are obtained by elimination of water.

Figure 3. 
Example of rearranged structures formed during carbonization of furanic foams [6].

Figure 1. 
Structure of the linear furanic oligomers formed by the self-condensation of furfuryl alcohol.



77

Furanic Rigid Foams, Furanic-Based Bioplastics and Furanic-Derived Wood Adhesives…
DOI: http://dx.doi.org/10.5772/intechopen.101200

of the pTSA catalyst derivates disappear by degrading to toluene and SO2 not 
surviving carbonization. However, certain furanic oligomers survive carbonization; 
these are mostly cyclic compounds with 4–6 or more furan rings. Thus, even if most 
of the constituents are transformed to more stable aromatic structures, some of 
the starting chemical species survive intact or partly transformed to carbonization 
even if most structures are converted to more stable aromatic structures (Figure 3). 
This shows the stability of some furanic oligomers that are not degraded or rear-
ranged by carbonization. Molecular mechanics calculation of their relative energies 
appeared to confirm that these structures are cyclic furanic oligomers.

Tannin-furanic foams were mentioned for the first time in the literature in the 
early 1970s when Grey, Roux, Pizzi, and Ryder developed a foam formulation in South 
Africa [7]. This formulation had some severe problems and its performance was unac-
ceptable. Moreover, industry did not appear to have any interest in the foam, as there 
was more focus on the dominant synthetic oil-derived foams at the time. In addition, 
the public opinion of the relative cost structure/performance relationship of these 
foams and of the biomaterials used also appeared to be unfavorable. The first tannin-
furanic biofoam formulation that appeared to work well was published in the literature 
in 1994 by Meikleham and Pizzi [8]. Nonetheless, even then there was no interest in 
these materials; interest in them materialized only in the late 2000s [9].

Ambient temperature, self-blowing tannin-furanic foams were the first researched 
for a relatively long period, these being chemically foamed and set by the exothermic 
acid self-condensation of furfuryl alcohol (Figure 4). In earlier times, diethyl ether 
was used as a blowing agent [8]. The foams prepared with this early research were 
either catalyzed by an acid or a base but showed characteristics and performance 
comparable to synthetic phenolic foams. The liquid polymer phase was a tannin-
formaldehyde resin. Foaming occurred by the forced evaporation of a physical blowing 
agent, while cross-linking rendered the foams dimensionally stable and with the goal 
target density. Acid-catalyzed foams expanded by evaporating the blowing agent due 
to the heat-surge agent produced by the self-condensation of furfuryl alcohol. Tannin-
furan copolymers were so obtained. No toxic gasses on these foams’ carbonization 
were detected [9, 10]. This formulation worked, but when this research was again 
started up in the late 2000s several problems remained that needed to be solved. These 
were (1) the elimination of formaldehyde, used up to then to improve cross-linking 
and (2) the elimination of diethyl ether by substituting it with a less volatile and less 
dangerous blowing agent. In-depth characterization of these foams ensued. Different 
condensed tannins, namely, mimosa tannin bark extract, pine bark tannin, and que-
bracho tannin wood extract, were coupled to furfuryl alcohol as foam building blocks. 
Hydroxymethylated lignin up to a level of 20% by weight, and even smaller propor-
tions of polyurethane, isocyanate [11], and industrial surfactant [9], were added 

Figure 4. 
An example of a tannin-furanic rigid foam (left) and of its structure as observed at the scanning electron 
microscope (right).
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successfully to modify these foams. Physical tests such as water absorption, compres-
sion resistance, direct flame behavior, and measure of foam cells’ dimensions were 
carried out [9]. These foams were chemically characterized by 13C-NMR analysis.

Equally, these tannin-furanic foams’ resistance to fire and chemicals (e.g., 
resistance up to 1200°C and higher), absorption of and resistance to various liquids 
(e.g., ethanol, 33% sulphuric acid, and organic and mineral acids), permeability, 
thermal conductivity (e.g., between 0.024 and 0.044 W/m K), and mechanical 
(compressive and tensile) strength were tested. Boric acid and/or phosphoric acid 
were added to modify the foams’ structure while improving substantially their fire 
resistance (Figure 3). Rigid foams resisting well to strong acid, bases, and solvents 
were prepared with these early formulations [12]. High affinity for water, but 
limited affinity for organic solvents, was also put into evidence. Slightly anisotropic 
mechanical properties were measured. These foams were brittle in tension and 
compression, but their thermal conductivity and mechanical performance fully 
compared with those of synthetic phenolic foams. X-ray microtomography was also 
used to examine these early foams [13–16]. This provided additional and useful 
information regarding their physical characteristics such as porosity, pore size 
distribution, proportion of open and closed cells, connectivity, and tortuosity.

These foams garnered considerable interest for their phenomenal fire resistance 
and hence their heat insulation potential [16]. Even when exposed to a flame 1200°C 
or higher, they do not burn for whatever length of time. The red color induced on the 
area where the flame is applied is automatically and immediately self-extinguishing 
on subtracting the flame. These tannin-furanic foams only begin to decompose at 
3000°C. We will discuss the multiple uses for which they were tested later in the 
chapter. These include, for example, thermal insulating materials, fire-resistant 
filling for hollow doors and wood sandwich structures [17], green acoustic absorp-
tion materials [18], support for cut flowers [19] and hydroponic cultures [19], and 
flexible and rigid polyurethane-tannin-furanic mixed foams [20, 21].

The substitution of diethyl ether as a blowing agent with a much safer solvent 
was the first modification introduced in these tannin-furanic foams. The blowing 
agent chosen was n-pentane in synthetic phenolic foams. A necessary formulation 
rebalancing ensued, as pentane boils at a temperature higher than diethyl ether.

The first necessity was to eliminate formaldehyde from the formulation, 
formaldehyde having been declared unsuitable for sanitary reasons [22, 23]. 
With the elimination of formaldehyde, the new foams that were obtained 
presented lower density, thermal conductivity, hydrophilicity, and brittleness, 
and thus greater flexibility than the first generation of tannin-furanic foams. 
Formaldehyde was replaced with more furfuryl alcohol and a greater propor-
tion of blowing agent, significantly improving the characteristics previously 
described [24, 25]. Table 1 shows the characteristics of these foams regarding 
their range of compressive strength and thermal conductivity as a function of 
their apparent density. Table 1 shows that as the apparent foam density increases 
the compressive strength sharply improves; however, the thermal conductivity 
increases, which is less acceptable as regards insulation.

Next, both formaldehyde and solvent (pentane) were eliminated, rendering the 
foams 98% “green.” Comparison of kinetic curves describing the simultaneously mea-
sured foams’ expansion, hardening, temperature, and pressure variation as a function 
of time illustrated the differences in process and foaming parameters as a function of 
time by the differences in formulation between the experimental and control foams 
and optimization of the foaming and hardening parameters involved [26, 27].

A first encouraging attempt to prepare elastic tannin-furanic foams occurred 
at this time [28]. In this first successful approach, flexible tannin-furanic foams, 
rather than the rigid ones prepared up to then, were obtained by the addition of 
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glycerol as an external (unreacted) plasticizer. The choice of glycerol was dictated 
by its high boiling temperature, lack of evaporation, and lack of toxicity. Flexibility 
and spring-back of these experimental foams when subjected to a cyclic compres-
sion force followed by spring-back and compression again was quantified by both 
thermomechanical analysis at different temperatures as well as by compression/
spring-back hysteresis cycle tests in a universal testing machine. Tannin-furanic 
foams with formaldehyde and no glycerol reached a stress plateau indicative of 
structure crushing. Tannin-furanic foams without both formaldehyde and glycerol 
become very fragile, brittle, and rigid just two months after their preparation. They 
also show structure crushing with ageing. Tannin-furanic foams with no formalde-
hyde but with glycerol remain instead equally and truly flexible in time [27, 28].

Furthermore, open cell foams obtained by the simultaneous co-reaction of 
condensed flavonoid tannins with an alkoxylated fatty amine and polymeric 
diphenylmethane isocyanate yielded highly flexible/elastic polyurethane foams 
[28]. Copolymerized amine/isocyanate/tannin oligomers were identified by 13C 
NMR and MALDI-TOF spectroscopy. In general, between 30% and 50% of natural 
tannins is added to the components used to polymerize the polyurethane. The char-
acteristic of these new, partially biosourced polyurethanes is that the presence of 
the tannin slows down burning; some of them can be made flame self-extinguishing 
and if burning they neither flow nor sprinkle flaming material around, contrary to 
what occurs with normal polyurethanes. This limits transmitting the fire to other 
materials in the same environment. Cyclic compression tests were carried out show-
ing that after 50 cycles foam recovery was more than 80%.

Hyperbranched poly (acylamide-ester) polyol synthesized reacting in one step 
succinic anhydride with diethanol amine was also used to modify tannin-furanic 
foams [29]. Glutaraldehyde was reacted with the hyperbranched poly (acylamide-
ester) polyol to acetalize it, and the dendrimer so prepared was used to modify 
the tannin-based foams. It was found that the compression strength of the tannin-
furanic foam improved by 36.6% with the addition of 3.5 wt% of acetalized poly 
(acylamide-ester) polyol without affecting the other foam properties.

Pine bark tannins are much more reactive than mimosa and quebracho tannins 
experimented with up to 2012. Pine bark tannin-furanic foams were prepared for 
the first time in 2013 [30–33]. The tannin-furanic foam formulations underwent 
fundamental changes due to the greater pine tannin reactivity. This had to be imple-
mented to coordinate foam hardening, reaction exotherm, and solvent blowing to 
obtain a rigid foam. This work was achieved using the FOAMAT, an equipment able 
to simultaneously monitor during foaming the variation of temperature, pressure, 
velocity, and dielectric polarization. This allowed for determining the function of 
the surfactant (castor oil ethoxylate) and the plasticizer (polyethylene glycol) during 
foam formation and thus to monitor their polymerization, expansion, hardening, 
and shrinkage. Foam density and its physical properties were found to be either 
surfactant- or plasticizer-controlled in this research work. Foams presenting a homo-
geneous microstructure were obtained with castor oil ethoxylate and polyethylene 

Apparent density  
(g/cm3)

Compressive strength (MPa) Thermal conductivity (W m−1 K−1)

0.016 0.03 0.024–0.030

0.040–0.080 0.12–0.45 0.040–0.050

0.10–1.30 0.65–1.10 0.050–0.060

Table 1. 
Typical range of physico-mechanical values for tannin-furanic-based foams [12, 14, 30, 33, 54].
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glycol. However, polyethylene glycol made the foams more elastic but with lower 
shrinkage. Pine tannin-furanic foams both with and without formaldehyde were also 
prepared and tested to determine their stress–strain curves, thermal conductivity, 
Young’s modulus, compression strength, densification, densification rate, and energy 
absorbed under compression. These pine tannin-furanic foams with formaldehyde 
had properties similar to mimosa tannin-furanic foams. At very low densities, 
mimosa foams are more mechanically resistant than pine foams. Mimosa foams with 
formaldehyde have a greater Young’s modulus less than 0.10 g cm−3 and a greater com-
pressive strength less than 0.14 g cm−3 than pine tannin foams. Pine tannin-furanic 
foams without formaldehyde were more elastic and had lesser mechanical strength. 
However, on a comparative test, pine tannin foams are a better insulation material 
with an average thermal conductivity of 0.030 W/m/K for pine foam without form-
aldehyde, 0.034 W/m/K for pine foam with formaldehyde, and 0.037 W/m/K for 
mimosa tannin foam with formaldehyde at a density of 0.031 g cm−3.

The reformulation undertaken for these pine tannin-furanic foams allowed to 
develop such foams for the whole class of very reactive procyanidin tannins and 
not only different species of pine tannins [30–33] such as spruce tannins [34–37], 
and others. Pine tannin-furanic foams free of any aldehyde, and of formaldehyde, 
have also been developed, but their main drawback is their lower resistance to 
compression. Consequently, formaldehyde-free pine tannin-furanic rigid foams 
were successfully obtained by using non-volatile aldehydes [22, 23], namely glyoxal 
or glutaraldehyde, as alternative non-toxic hardeners [30–32]. All the open-cell 
pine tannin-furanic foams and mimosa−/quebracho-type tannin-furanic foams 
have also yielded medium and high frequencies (1000–4000 Hz) and good sound 
absorption/acoustic insulation with acoustic absorption coefficients of 0.85–0.97 
[17]. They were better than polyurethane foams, melamine foams, fiberglass, and 
mineral wool acoustic insulations within this frequency range [17]. Their acoustic 
absorption coefficient decreased to 0.40–0.60 at lower frequencies of 250–500 Hz.

Tannin-furanic foams have shown typical characteristics comparable to synthetic 
commercial foams as light porous materials. Open-cell foams result in better sound 
absorption with thicker samples performing better in the medium frequency range.

Surface friability of tannin-furanic foams was a drawback for such potential 
applications, but this problem was also solved. A second main drawback is absorp-
tion of water within the foam itself. Both these drawbacks have been eliminated or 
at least minimized by adding to the formulation a small percentage of an oil-grafted 
tannin. The fatty chains introduced in the foam markedly decreased foam friability 
and increased water repellency in the foam’s body [38]. Also, adding small amounts 
of soy protein hydrolysate decreased surface friability of these foams [18].

Lightweight sandwich panels with a tannin-furanic foam core and wood veneers 
or hardboard thin panels as surfaces bonded on to the foam core were also prepared 
(Figure 5) [39, 40].

As procyanidin tannins are the world’s predominant potential source of condensed 
tannins the development outlined for pine tannins-furanic foams are of considerable 
importance as they allow any future diffuse utilization of tannin foams anywhere.

The determinant parameters when designing new tannin-furanic foams have 
been clearly identified and codified [41]. Further progress in this field can be 
achieved by anyone who would care to follow these parameter guidelines.

Tannin-based carbon aerogel foams innovatively based on the ionic and radical 
autocondensation of tannins under alkaline conditions promoted by their reaction 
with silica and silicates [42–46] have also been prepared [47]. Upscaling to pilot 
plant level of the preparation of these types of foams has also been reported [48].

Recently, some more progress on the chemical analysis of this foam has also been 
made using Raman spectroscopy and attenuated total reflection–Fourier transform 
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infrared spectroscopy (ATR–FTIR) approaches [49, 50]. Research groups have also 
been active in the preparation processes of these tannin-furanic foams [51–53] as 
well on the range of different applications possible, the most notable being in the 
medical field [21]. For example, tannin-furanic foams can be used in medicine to 
form a tannin-hydoxyapatite scaffold of stem cells for bone reconstruction without 
using any synthetic materials [21].

3.  Tannin foams by formation of mixed tannin-furanic and tannin-based 
polyurethanes

While phenolic foams can be clearly substituted to good effect with tannin-
furanic foams, the market is particularly interested in the use of biobased polyure-
thane foams. This interesting situation came to the fore with an industrial plant 
trial for a plant where isocyanate had to be compulsorily used, otherwise the plant 
could not run. This was furthermore quite a sizeable polyurethane foam panels line 
(approx. 18 thousand tons/year). Mixed phenolic–polyurethane-type rigid foams 
were developed using tannin-furfuryl alcohol natural materials co-reacted with 
polymeric isocyanate in the proportions imposed by the limitations inherent to the 
continuous industrial plants for polyurethane foams and used in the plant trial [54]. 
Chemical analysis of the final foams identified several different copolymerization 
oligomers having been generated. Urethane linkages were generated by reaction 
of the isocyanate with two flavonoid tannin reactive sites, mainly at the flavonoid 
aliphatic hydroxygroup at C3, and less so on the phenolic hydroxygroups of the 
tannin flavonoid units. Urethane linkages also formed by isocyanate reaction with 
(1) glyoxal both alone or pre-reacted with the tannin, (2) the phenolsulfonic acid 
catalyst, and (3) with furfural. This latter reagent does react preferentially through 
formation of a methylene bridge with the A-ring of the flavonoid units of the tannin 
rather than reacting with the isocyanate to form urethanes [54]. All the materials 
appeared to have co-reacted to form a mix of urethane linkages and methylene 
bridges between all the main components used. Thus, the tannin, furfuryl alcohol, 
isocyanate, glyoxal, and even the phenolsulfonic acid catalyst formed a variety of 
mixed species linked by the two bridge types. Several mixed species constituted of 
2, 3, and even 4 co-reacted different components were observed.

Figure 5. 
Foam cores sandwiched from top left to bottom right between surfaces formed of wood veneers, thick solid wood 
boards, thin plywood surfaces, thick and thin hardboard surfaces, and not sandwiched (just foam core).
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The more interesting result here, however, was that this approach was unusu-
ally different from the approach of oxypropylating tannins to render them more 
apt polyols for reaction with isocyanates [55, 56], hence using an additional reac-
tion step. The unusual results [54] were especially interesting because they were 
obtained on an industrial plant line trial. Effectively, what occurred was that the 
glyoxal easily reacted with the tannin during the trial producing –OH groups much 
more easily approached by the isocyanate, thus forming a glyoxalated tannin poly-
urethane in a single step, which is a remarkably useful outcome [54]. Thus, species 
of the type shown in Figure 6 were present.

The reaction of glyoxal with the tannin and then with isocyanates to form 
urethanes closely repeat the same reaction already used for wood adhesives but 
using the –CH2OH groups formed by the reaction of formaldehyde with tannins 
and with synthetic phenolic and amino resins [57–59]. As regards the fire resistance 
of these foams the preponderance of the tannin phenolic groups and furanic nuclei 
gives a certain level of fire resistance due to the inclusion of tannins in standard 
polyurethane formulations [20], but fire resistance is expected to be lower than the 
standard tannin-furanic foams described earlier in the chapter.

4. Wood and fiber adhesives

The potential of using tannin-furfuryl alcohol resin for biobased composites 
using vegetal fiber reinforcement has also been investigated [60–62]. Results 
showed that a mix of 54% furfuryl alcohol, 45% modified quebracho tannin 
extract, and 0.9% pTSA as a catalyst yields a resin with which one can prepare 
lightweight composites by working as bonding and solidifying matrix of a nonwo-
ven flax fiber. The composite panels so prepared, once tested for tensile and flexural 
modulus and strength, water resistance, and thermo-degradation, presented good 
mechanical properties and a very short curing time in a hot press.

Tannin-furfuryl alcohol resins reacting under alkaline conditions to minimize 
self-condensation of furfuryl alcohol and force its reaction with tannins have proved 
to be another alternative for formaldehyde-free, environmentally friendly adhe-
sives from renewable materials [63]. An indication of the reactivity of tannin with 
furfuryl alcohol to harden an adhesive composed of these two materials is given in 
Figures 7 and 8 where it is shown that the mixture of the two materials gels at pH 
levels of less than 2–2.5 and greater than 8–9 according to the reactivity of the tannin 

Figure 6. 
Example of mixed tannin polyurethanes obtained by the reaction of the isocyanate group on the glyoxal groups 
pre-reacted with flavonoid tannin units. The reaction can be carried out simultaneously as well, as used under 
industrial conditions.
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itself, with pine tannin being more reactive than mimosa tannin. At the acid pH, the 
reaction is both reaction of tannin with furfuryl alcohol as well as self-condensation 
of furfuryl alcohol, whereas under rather alkaline conditions furfuryl alcohol cannot 
really self-condense and thus is forced to react with the tannin. It must be pointed out 
that the reactivity of the tannin even with aldehydes progressively increases from pH 4 
(minimum reactivity) towards a more acidic pH, with the tannin being progressively 
more reactive as the pH become progressively lower. The same is true under alkaline 
conditions where the reactivity of the tannin increases and gel time decreases as one 
progresses to higher pH. The resins were prepared by mixing 100 parts of tannin with 
100 parts of water and reacting this with 50 and 75 parts of furfuryl alcohol. The 
results were monitored by gel time measurements and thermomechanical analysis 
(TMA). The laboratory particleboard bonded with this resin under standard laboratory 
conditions and the dry internal bond (IB) strength was tested according to European 
Norm EN 312, 1995. The results confirmed that tannin extracts and furfuryl alcohol 
react with each other and do cross-link in the total absence of formaldehyde (Table 2).

For the mimosa tannin-furfuryl alcohol particleboards, the dry IB strength satis-
fies only marginally the requirements of the relevant European norm. However, 
for the pine tannin-furfuryl alcohol particleboards the dry IB strength satisfies the 
relevant EN 312 requirements.

Ten-ply and twenty-ply high continuous-type pressure paper laminates were 
prepared by impregnating filter paper with a mimosa-tannin solution mixed with 

Figure 7. 
Gel time of mimosa tannin reacted with furfuryl alcohol at pH ranging from 1 to 11. The gel time at pH 3, 4, 5, 
and 8 cannot be attained [63].

Figure 8. 
Gel time of pine tannin reacted with furfuryl alcohol at pH ranging from 1 to 9. The gel time at pH 3, 4, and 5 
cannot be attained [63].
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furfuryl alcohol and a formurea concentrate [64]. Crosscut, abrasion resistance, 
and water vapor resistance measurements were done. The effect of bonding 10-ply 
paper laminates on plywood shear strength was also determined. The 10-ply paper 
laminates with mimosa tannin-furfuryl alcohol resin appeared to increase the 
plywood dry shear strength while reducing its absorption of water. When pressed at 
140°C temperature at 120 kg cm2 pressure for 600 s, the 10-ply paper laminates gave 
the best appearance compared to other laminates.

The syntheses of difurfuryl diisocyanates [e.g., ethylidenebis (2,5-furandi-
ylmethylene) diisocyanate (EDFI)] with formula shown in Figure 9 have been 
reported in the literature [65].

Difurfuryl diisocyanates (Figure 9) are structurally similar to diphenylmethane 
diisocyanate (MDI), hence they can be equally good adhesives for bonding wood com-
posites. The EDFI adhesive is synthesized from biomass-derived chemicals, contrary 
to the petroleum-derived MDI. The mechanical performances of MDI- and EDFI-
bonded aspen flakeboards were compared. Flakeboards bonded with MDI showed 
results only marginally better than those bonded with EDFI. The difference has been 
ascribed to EDFI having greater viscosity than MDI. This has been thought to have 
caused a less optimal distribution of EDFI during spraying on the wood flakes, causing 
the slight difference in strength properties. The dry IB strength values of EDFI-bonded 
flakeboards showed dry IB strengths of 0.97 MPa, hence a value significantly greater 
than the 0.41 MPa required by the American National Standards Institute for type-2 
medium-density particleboard when compared to MDI yielding 1.13 MPa.

Furfuryl alcohol, a biosourced material, is widely used in the foundry industry and 
in adhesives as additives or modifiers. However, furanic resins have not been reported as 
being used alone as wood panel adhesives. Furfuryl alcohol-aldehyde resins were none-
theless recently prepared for wood panel adhesives by reacting furfuryl alcohol with 
three different aldehydes: formaldehyde, glyoxal, and glutaraldehyde [66]. p-Toluene 
sulfonic acid coupled with an acid self-neutralizing system to minimize any damage to 
the wood substrate was used as a resin hardener to prepare plywood panels and to deter-
mine their bonding performances. In this adhesive system, formaldehyde and glyoxal 
reacted with furfuryl alcohol and the resin so prepared had excellent performance. The 
reaction of glutaraldehyde with furfuryl alcohol instead seemed difficult, the furfuryl 

Figure 9. 
Structural formula of difurfuryl diisocyanate.

Gel time (s) TMA max 
MOE (MPa)

Board density 
(kg/m3)

IB strength 
(MPa)

Mimosa tan + 100%FA, pH 11 260 1929 ± 81 — —

Mimosa tan + 50%FA, pH 11 500 2177 ± 82 — —

Mimosa tan + 100%FA, pH 10 400 2332 ± 112 — —

Mimosa tan + 50%FA, pH 10 600 2401 ± 97 716 0.34 ± 0.02

Pine tannin + 50% FA, pH 8 150 2430 ± 100 697 0.35 ± 0.02

Pine tannin + 75%FA, pH 8 110 3034 ± 130 715 0.40 ± 0.02

MOE = modulus of elasticity; IB = internal bond.

Table 2. 
Results for wood particleboard panels bonded with furanic-tannin-based wood adhesives.
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alcohol autocondensation predominating instead. The curing agent acidity greatly 
influences the resin bonding performance. The furfuryl alcohol-glyoxal resin showed 
a good bonding strength and water resistance greater than the standard requirements 
(≥0.7 MPa), even when using an acid self-neutralizing system as a hardener. This resin 
performed particularly well, considering that no formaldehyde was used.

Furfural and more recently hydroxymethyl furfural (HMF) are well-known 
upgraders of formaldehyde-based synthetic resins. An excellent review on this exists 
and the reader is addressed to it [67]. Even early literature and patents are known on 
this subject. The use of hydroxymethyl furfural is less known in synthetic resins where 
formaldehyde has been totally eliminated. Recent examples of the increased interest in 
HMF are the resins based on the coupling of glyoxal with HMF. Glyoxal is an aldehyde 
that is both nonvolatile and nontoxic. It can be used to substitute formaldehyde to pre-
pare melamine-glyoxal (MG) resins for the wood industry. Due to the lower reactivity 
of glyoxal compared to formaldehyde, the MG resins performance is not as good as 
could be expected. Thus, 5-hydroxymethyl furfural (HMF) was used as a modifier to 
improve the properties of MG resins to prepare a hydroxymethyl furfural modified 
melamine-glyoxal (HMFMG) adhesive for bonding plywood [68]. The structure of 
the oligomers formed was determined along with the thermomechanical properties of 
the resins. The HMFMG resin presented a lower curing activation energy than the MG 
resin, yielding a much better bonded and water-resistant plywood.

Some fully biobased carbohydrate extracts from African trees have shown to 
release both hydroxymethyl furfural and furan 2,5-dialdehyde as hardeners [69, 70] 
during hot-pressing. Figure 10 shows an example of the reactions involved.

This approach also fits with the adhesives based on the reaction of the reactive 
procyanidins of pine bark tannin with hydroxymethyl furfural [69] also yielding 
encouraging wood bonding results.

5. Furanic-based hard thermoset plastics

A 100% biosourced thermoset material based on condensed tannin-furfuryl 
alcohol thermoset resins has been used as the resin matrix of solid abrasive wheels 
by using pTSA as a catalyst [62, 71–73]. The system is based on two reactions: the 
reaction of furfuryl alcohol with the tannin and the acid-induced self-condensation 
of the furfuryl alcohol (Figure 11). The co-polymerization reactions were studied 
by 13C NMR and MALDI-ToF mass spectrometry; they are shown in Figure 11.

The 100% renewable bioresourced tannin–furanic thermosetting resin was 
found to have a glass transition temperature as high as 211°C, and a 95% weight loss 
temperature of 244°C and 240°C in nitrogen and in air atmosphere, respectively. 

Figure 10. 
Schematic representation of the formation of the reactive species hydroxymethyl furfural and furan 
2,5-dialdehyde from carbohydrate exudates of several African trees and their reaction to cross-link tannins.
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The char yield is as high as 52%. Moreover, this new thermoset material showed 
excellent mechanical properties: a Brinell hardness of 23 HBS, which is higher than 
commercial acrylic, polyvinyl chloride and a little lower than that of solid (not 
foamed) polystyrene. The compressive break strength was found to be as high as 
194.4 MPa, thus higher than that of filled phenolic resins and much higher than that 
of solid polystyrene and acetal resins (Table 3). Figure 12 shows its appearance and 
the repetition of the resin stress vs. strain curves.

This hard thermoset resin was produced by a simple process that is easily indus-
trialized. Abrasive wheels held together with this resin bonding different mineral 
and organic abrasive powders were developed and characterized. The main abrasive 
powder used was aluminum trioxide Al2O3 of different grit levels (Figure 13). Hard 
nutshell powders were also tried but did not give sufficiently good results. These 
abrasive wheels showed excellent abrasiveness properties when compared to com-
mercial abrasive wheels [71].

Angle-grinder’s cutting and grinding discs based on this green resin were also 
used for bonding abrasive particles of aluminium trioxide of different sizes and of 
different grits level (Figure 13). These discs were characterized and showed excellent 
abrasiveness and cutting properties. Their mechanical resistance was found to be 
comparable to that of commercial grinding discs bonded with synthetic phenolic res-
ins. They tolerated well the severe stresses induced on them at 11,000 revolutions per 
minute (rpm) by operation in an angle grinder when grinding or cutting steel [72].

The same hard resin was used as a resin matrix for automotive brake pads. 
These experimental automotive brake pads based on this green resin showed 
excellent braking properties and wear resistance when used in a real car under 
full-scale test conditions. Their mechanical resistance was found to be compa-
rable to that of commercial automotive brake pads bonded with synthetic phe-
nolic resins. They tolerated well the severe stresses induced by strong braking, 
such as emergency braking at 50 km/h (31 mph) until complete standstill and 
showed braking distances comparable or even shorter than commercial brake 
pads [73].

Resin name Breaking strength (MPa) Young’s modulus (GPa)

Tannin–furanic plastic 194.4 + 2.3 2.16 + 0.09

Solid Polystyrene 106 3.88

Acetal resin 100 3.28

Filled phenolic resin 158 6.82
aNote: the values of the other resins are cited from ASTM_D695-10.

Table 3. 
Breaking strength and Young’s modulus of tannin–furanic resin under compression.a

Figure 11. 
Schematic representation of the reaction of furfuryl alcohol with tannin to form hard thermoset plastics.
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The same technology led to the preparation of both highly flexible films and 
strongly adhering non-scratch surface finishes by reacting partially aminated 
polyflavonoid tannins with furfuryl alcohol in the presence of plasticizers such as 
glycerol or polyethyleneimine. Chemical analysis showed partial amination of the 
tannin under the conditions used and even the formation of some –N〓 bridges 
between flavonoid units, although these were shown to be rare. Oligomers formed 

Figure 12. 
Top: examples of rigid plastic specimens prepared by the reaction of tannin and furfuryl alcohol. Bottom: plot 
of the stress/strain curves of the tannin-furfuryl rigid plastic, the two curves showing its behavior repeatability.

Figure 13. 
Left: example of angle grinder disc formed by a tannin-furfuryl rigid plastic matrix and aluminium oxide 
abrasive. Right, example of a steel tube cut with the same type of disc but with different abrasive grits [72].
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by the reaction of furfuryl alcohol with the flavonoid units and the simultaneous 
self-condensation of furfuryl alcohol were detected. Linear methylene–furanic 
chains were also found to be linked to flavonoid reactive sites. Side condensa-
tion reactions of furfuryl alcohol led to the formation of methylene ether bridges 
between furanic nuclei, followed by rearrangement to methylene bridges with lib-
eration of formaldehyde. The latter reacted with both the flavonoid units and furan 
ring reactive sites to yield –CH2OH, –CH2

+ groups and methylene bridges [74].

6. Conclusion

Furanic resins either alone or in combination with other renewable biosourced 
materials have come of age in fields where they were never considered before, either 
because of their dark color or high cost. Their biosourced, renewable materials-
derived label has changed this perception in a world looking for materials that are 
not oil-derived. Thus, from their traditional industrial applications, namely, in 
foundry sand shell molds for metal casting, they are starting to be used other areas 
such as fire-resistant, thermally insulating, and sound absorbent foams, as wood 
panel adhesives, hard rigid plastics, resistant matrix resins for abrasive aggregates, 
and even for the formation of flexible films and non-scratch surface finishes. These 
biomaterials are attracting the interest of researchers to develop new uses for them. 
Thus, their future expansion to a variety of products appears now to be assured.
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Furfural: A Versatile Derivative of 
Furan for the Synthesis of Various 
Useful Chemicals
Kazeem Adelani Alabi, Rasheed Adewale Adigun, 
Ibrahim Olasegun Abdulsalami and Mariam Dasola Adeoye

Abstract

Furfural, a five-membered heterocyclic aromatic hydrocarbon derivable  
from acid hydrolysis of sugar cane bagasse, maize cob, rice husk or any 
cellulose-containing material, is useful in the synthesis of a range of specialized 
chemical products. Its condensation with nitromethane in basic medium yields 
2-(2-Nitrovinyl) furan. This functional group (nitrovinyl) has been documented 
as a potent anti-microbial agent against gram-positive and gram-negative bacteria, 
with more potency against the gram-positive strains. The reaction of urea and 
thiourea with furfural yields bisimines-1,3-bis[(E)-furan2-yl)methylene]urea, and 
1,3-bis[(E)-furan-2-yl) methylene]thiourea respectively. The two compounds are 
good antimicrobial agents in addition to the latter as a potential dye for wool and 
cotton fabrics with different hues. Also the reaction between acetophenone and 
furfural (an aldehyde) in a basic medium yields the chalcone: (E)-3-(furan-2-yl)-
1-phenylprop-2-ene-1-one. This chalcone has been confirmed as a good antifungal 
agent and wood-protector against termite attack. Thus, chemical modification 
of the aldehyde functional group of furfural to nitro, imine and chalcone groups 
imparted different activities on furfural.

Keywords: Furfural, Furan, 2-(2-Nitrovinyl) furan, Bisimine, Chalcone, Extraction

1. Introduction

Furfural is a utility chemical. It is very simple to manufacture, the raw mate-
rial is always agricultural waste, and the cost of production is reasonably low and 
affordable. It is fondly called “Gold from Garbage” [1]. Mostly, undiluted hydrogen 
tetraoxosulphate (VI) acid is used for the extraction of furfural from biomass that 
contain pentosans, which are aldose sugars, that composed of small rings formed 
from short five-member chains, that constitute a class of complex carbohydrates, 
present in the cellulose of many woody plants such as bagasse (sugar cane waste) 
corn cobs, rice, and oat hulls, etc. [2].

Furfural is a heterocyclic aldehyde with oxygen as the heteroatom replacing one 
of the carbon atoms of the five membered ring. It has a density of 1160 kg/m3 and 
boils at 161.7°C. It is though, colorless, but changes to dark brown when it reacts 
with the atmospheric oxygen. It has other names apart from furfural; furaldehyde, 
2-furanaldehyde, and 2-carbaxylaldehyde [3].
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The flexible production route of furfural makes it to be the most commonly 
produced chemical in the industry, in addition to its many industrial uses and 
renewability. It is one of the top value-added chemicals that is being produced from 
biomass. Furfural and its derivatives have been extensively used in plastics, phar-
maceutical, agrochemical and it has been reported to be used as dye precursors in 
the synthesis of diazo disperse dyes [4].

Sometimes, it is used as a solvent or starting material for the production of 
various chemicals. In order to increase its production because of its usefulness, 
furfural is now synthesized in the laboratory through different sources [2].

The process of furfural production is well understood but it’s limited by low yield, 
very high energy consumption, and environmental and safety risks attached to the 
corrosive homogenous acid catalysts being used [5]. Hence, the existing method 
is being modified to make it green by the use of heterogeneous catalysts. Westpro-
modified Huaxia Technology and Supra Yield are two improved processes where high 
furfural yields, recovery of the catalysts and high purity are obtainable [6]. Hybrid 
solid acid catalysts are recently used to achieve better dehydration of xylose to form 
furfural [4]. Furfuryl alcohol has been used for the production of furan resin prepoly-
mer material which is useful for the production of different thermoset polymers [4].

2. Reactivity of furfural

Furfural undergoes some chemical reactions to yield different products. Among 
the reactions are hydrogenation, oxidation, decarboxylation/decarbonylation and 
condensation reactions.

2.1 Hydrogenation of furfural

The hydrogenation of furfural is catalyst dependent. The carbonyl functional 
group (C=O) or the aromatic ring will be reduced [7]. Almost all hydrogenation 
catalysts are capable of hydrogenating the carbon–carbon double bonds (C=C) and 
the carbonyl group (C=O) of furfural. The control of the hydrogenation process of 
these bonds has been one of the most important subjects in the developmental study 
of catalysts [8]. The addition of hydrogen to the C=C bond is more thermodynami-
cally and kinetically favorable compared to the C=O bond. There is a need for a che-
moselective hydrogenation catalyst within a standard conditions [9]. Hydrogenation 
reaction takes place in liquid and gaseous phases. Despite the high yields reported for 
the liquid phase, industrial hydrogenation of furfural is mostly carried out in the gas 
phase because of its lower cost as compared to the liquid phase (Figure 1) [10].

2.2 Oxidation of furfural

Furfural is easily oxidized even with atmospheric air to 2-furoic acid which is 
a heterocyclic carboxylic acid (Figure 2). Its name is derived from the Latin word 
furfur, meaning bran. The salts of this acid is called furoate. Many scientists/

Figure 1. 
Hydrogenation of furfural.
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researchers have worked in this area (oxidation of furfural). In addition, oxidative 
condensation of furfural with alcohol has produced biofuel useful in the aviation 
industry [11].

Gold supported catalyst condensed furfural with ethanol in the presence of 
oxygen molecule under mild conditions [12]. Au/ZrO2 catalysts was also used in 
another reaction to produce furoate ester [13]. Oxidative esterification of furfural 
with oxygen and methanol was also performed [14]. The effect of catalyst was eval-
uated in oxidative esterification of furfural [15]. The furfural can also be oxidized to 
produce maleic acid in the presence of hydrogen peroxide and a solid catalyst. The 
maleic acid can be dehydrated to maleic anhydride. These compounds have many 
applications in the industry. They are used in the manufacture of polymers, resins, 
pharmaceuticals, and biofuels. The oxidation of furfural into maleic acid involves 
two steps; decarbonylation and oxidation.

2.3 Decarboxylation/decarbonylation reaction

Two methods are well known to transform furfural into furan. When furfural 
is passed over metal surface in the complete absence of air and water at a very high 
temperature; furan and carbonmonoxide are obtained. The other process involves 
passing furfural together with excess steam over chromite or soda-lime catalyst, 
in the presence of hydrogen but absence of oxygen. Furan, carbondioxide and 
hydrogen are the resulted products. Alternatively, furfural may be converted to 
furoic acid at 300–500°C, on the surface of any higher oxide of heavy metals in the 
presence of oxygen, and the acid is immediately decarboxylated to give furan.

Generally, furoic acid is the product of oxidation of furfural. Decarboxylation of 
this acid or decarbonylation of furfural with the help of catalysts is the prevailing 
way for furan production in both gas and liquid phases [16]. Furan is costlier than 
furfural. In industry, the gas phase method is more attractive because of its advan-
tages of simple operation and the easy separation and recycling of catalysts. Due to 
the high energy barrier for the C–C bond cleavage, the decarbonylation of furfural 
is preferably conducted at high temperatures. Additionally, hydrogen is always 
present in this reaction to maintain the metallic state of catalysts. Furfural is highly 
stable because of its high resonance energy [16]. Decarbonylation of furfural with 
high efficiency still presents considerable challenges. Among the various catalysts 
employing different metals and supports, Pd catalysts loaded on carbon, alumina 
and silica have demonstrated superior activity due to the favorable formation of acyl 
surface species, the key adsorption intermediate for decarbonylation [16]. Recently, 
Platinum has attracted much attention due to its cheapness and good activity [16].

2.4 Condensation reaction

Furfural condenses with nitromethane in the presence of a base to yield 
Nitrovinyl furan derivative [2]. Any compound containing active alpha-hydrogen 
in the presence of a base (ammonia or amines) as a catalyst will condense with 
furfural according to Knoevenagel condensation [2].

Figure 2. 
Oxidation of furfural to furoic acid.
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The aldol condensation of acetone and furfural has been deeply studied using 
different homogeneous and heterogeneous catalysts, highlighting different hydrox-
ides (NaOH and Ca(OH)2) and mixed oxides such as Mg-Zr or Mg-Al [17].

Cyclopentanone can undergo condensation with furfural or 2-methyl furan 
through an alkylation reaction to produce oxygen-containing compounds, which 
can in-turn, be converted into high-density diesel or jet fuel by hydro deoxygen-
ation. Aldol condensation of cyclopentanone and furfural by sodium hydroxide 
in a solvent-free system produced a high yield of 2,5-bis (2-furylmethylidene)
cyclopentanone [18].

3. Imine

Imine or azo-methine is derivable from nature and also synthesized in the 
laboratory. The azo-methine functional group (C=N) is responsible for a number of 
biological activities [19]. Apart from the bioactivities, there are enough reports in 
the literature that azo-methine also exhibits pigments and dyes properties, used as 
catalysts, and as stabilizers in polymeric products [20]. Azo-methine also possesses 
herbicidal activities [21]. The formation of metal-complexes with imine as ligand 
improves its uses [22].

Complexes formed by reacting imine with transition metal have numerous 
applications. They have biological, industrial, catalystic applications [23]. These 
compounds are very important pharmaceutical precursors for their wide spectrum 
of biological activities [24].

They are very much applicable in dyes industries also; they perfectly dye leathers, 
food packages and wools with different hues [25].

Copper complexes are the most potent transition metal-imine complexes ever 
formed. They are very useful in chemical sciences like the food industry, dye 
industry, analytical chemistry, catalysis and many other fields [26].

The complexes formed with zinc metal exhibit good photo luminescent and 
electroluminescent activities. These compounds show good color purity and could 
be used in the production of full-colored organic light-emitting diodes [27]. They 
could also be used as dopant materials [28].

4.  Synthesis and potential uses of 1,3-bis((E)-furan2-yl)methylene)urea 
(UBI)

In our recent study furfural was redistilled, separately mixed with urea and 
thiourea in the presence of glacial acetic acid (drops) under reflux to obtain 

Figure 3. 
Structure of 1,3-bis((E)-furan-2-ylmethylene)urea.
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1,3-bis((E)-furan2-yl)methylene)urea and 1,3-bis((E)-furan2-yl)methylene) 
thiourea respectively. The products were filtered, washed with water and recrystal-
lized in alcohol (Figure 3) [4].

A study has shown that 1,3-bis(furan-2-yl) methylene) urea (UBI) possesses 
hepatotoxic and nephrotoxic effects [19]. UBI has been reported to be a potential 
inhibitor of P. aeruginosa and S. bovis [4].

5. Potential uses of 1,3-bis((E)-furan-2-yl) methylene) thiourea (TBI)

Loomis and Hayes stated that any substance that causes harm to an animal with 
a dose below 5 mg/ kg could be regarded as a highly toxic substance [29]. Therefore, 
1,3-bis((E)-furan-2-yl) methylene) thiourea cannot be regarded as being toxic 
since it did not cause harm to any of the mice administered with doses of 50 and 
150 mg/kg.

TBI has been referred to as multifunctional dye when applied on wool and 
cotton fabrics. Because of its very high and moderate inhibitions rate on fungi 
and bacteria. The dyed fabrics can be utilized in the production of medical face 
masks. Excellent Ultraviolet Protection Factor (UPF) of the dyed fabrics with 
TBI is an indicator of its potency as a sun-screen protector, which may protect 
the users from harmful rays of sun burn. Its high fastness enhances the use of 
the dyed fabric for a very long time without fading. Also, it was reported that its 
mechanical properties make it a potential materials for engineering laboratory 
coats production [29].

6. Toxicity and the potential uses of 2-(2-nitrovinyl) furan

2-(2-Nitrovinyl)furan is a lipid-soluble substance that has been discovered to 
have antimicrobial properties, against skin-related microbial infections [30].

The compound 2-(2-Nitrovinyl)furan significantly reduced alkaline phospha-
tase, alanine, and aspartate aminotransferase activities in male rat liver and kidney 
with a corresponding increase in serum. The activities of superoxide dismutase, 
catalase, glutathione peroxidase, glutathione reductase, and levels of reduced glu-
tathione/glutathione disulfide (GSSG) ratio in the liver and kidney of 2-(2-nitrovi-
nyl)furan-treated rats decreased significantly. In contrast, GSSG, protein carbonyl, 
conjugated dienes, lipid hydroperoxides, malondialdehyde, and fragmented DNA 
(%) in 2-(2-nitrovinyl)furan-treated rats increased significantly. 2-(2-nitrovinyl)
furan exhibited its toxicity by decreasing the antioxidant systems [31].

2-(2-nitrovinyl) furan exhibited additive interactions with chloramphenicol, 
erythromycin, lincomycin and gemifloxacin [32].

It has been reported that malondialdehyde and fragmented DNA level 
increased significantly in the bacterial cells treated with 2-(2-nitrovinyl) furan 
when compared with dimethylsulfoxide (DMSO) treated cells. The colony-
forming unit (CFU) of Escherichia coli, Pseudomonas aeruginosa and Staphylococcus 
aureus following exposure to 2-(2-nitrovinyl)furan increased significantly 
(p < 0.05) in the presence of 2,2′ bipyridyl, an iron chelator, when compared with 
only 2-(2-nitrovinyl)furan suggesting the involvement of hydroxyl radical in the 
cell death. This study showed that 2-(2-nitrovinyl)furan induced oxidative stress 
in Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus as evident 
from elevated levels of superoxide anion radical nitric oxides and antioxidant 
enzymes (Figure 4).
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7. Natural chalcone, extraction and uses

The name “Chalcones” was given by [33]. Chalcone is a generic term used 
in describing compounds with the 1, 3- diphenylprop-2-en-1- one frame work 
(Figure 5).

They are natural compounds that are largely found in plants, fruits and 
vegetables [34]. They are mostly found in various plants species like Angelica, 
Glycyrrhiza, Humulus and Scutellaria, which are widely used as traditional rem-
edies. Most of the aromatic rings of natural chalcones are found in the hydroxylated 
form. Chalcones, dihydrochalcones and aurones are composed of pigments whose 
color changes from yellow to orange in some plant species. Those compounds are 
found not only in flowers but also in lots of different tissues of plants. Free radi-
cal scavenging properties of phenol groups of chalcones increase the interest in 
consumption of the plants that contain chalcones. The chemistry of chalcones has 
generated intensive scientific studies throughout the world.

Chemically they consist of open chain flavonoids in which two aromatic rings 
are joined by a three-carbon α, β carbonyl system. To develop most of the biological 
and pharmacoligical agents, a series of chalcones were prepared by Claisen-Schmidt 
condensation of appropriate acetophenones with appropriate aromatic aldehydes 
in the presence of an aqueous solution of potassium hydroxide and ethanol at room 
temperature [35]. Chalcones either natural or synthetic are known to exhibit vari-
ous biological and pharmacological activities.

Chalcone is an aromatic ketone and enone that forms the central core for a 
variety of important biological compounds [36].

8. Synthesis and potential uses of furfural based chalcone

In one of our studies, (E)-3-(furan-2-yl)-1-phenylprop-2-en-1-one was synthe-
sized using Claisen-Schmidt condensation. Sodium hydroxide (3 g) was dissolved 
in 10 ml of methanol. Acetophenone (3 mL) and 3 mL furfural were dissolved 
in 10 ml of rectified ethanol in a 250 ml conical flask on a magnetic stirrer. Then 
10 ml NaOH solution (3 g in 10 ml methanol) was added drop wise to the reaction 
mixture on vigorous stirring for 30 minutes until the solution became turbid. The 
reaction temperature was maintained between 20 and 25°C using a cold water bath 
on the magnetic stirrer. After vigorous stirring for 4–5 hours the mixture started 
forming precipitate. The reaction vessel was kept overnight in the refrigerator to 
give room for complete precipitation. The precipitate formed was filtered, air-dried 
and recrystallized in rectified ethanol to give the pure product (Figure 6) which 
was weighed and stored for further analysis.

The presence of a reactive α, β unsaturated ketone functionality in chalcones 
is found to be responsible for these activities. In recent years, many studies have 
been reviewed and chalcone is found to be useful for their cytotoxic, anti-cancer, 

Figure 4. 
Structure of 2-(2-nitrovinyl) furan.
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anti-viral, anti-malarial, anti-oxidant, anti-leishmanial, anti-inflammatory, 
analgesic, anti-platelet, anti-ulcerative, anti-tubercular, anti-hyperglyce-
mic, chemo-preventive, mutagenic, insecticidal and enzyme inhibitory 
 properties [37].

9. Qualitative structure: activity relationship

The structures of the molecules have been modeled and geometry optimization 
as well as molecular orbital at DFT/B3LYP/6-31G* level of theory in vacuum. The 
optimized geometries of the studied molecules were then used to obtain the ground 
state molecular geometry parameters. The highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) energy values 
obtained were used to calculate other parameters [4].

10. Chemical-activities relationship result

Table 1 presents Highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) of furfural (starting material), 1,3-bis[(E)-
furan2-yl)methylene]urea (UBI), and 1,3-bis[(E)-furan-2-yl) methylene]thiourea 
(TBI), 2-(2-Nitrovinyl) furan (NVF) and (E)-3-(furan-2-yl)-1-phenylprop-2-
ene-1-one (FPP) (last two rows). Other parameters/properties were derived from 
these values using different formulas for each property. The energy of the HOMO is 
directly related to the ionization potential while that of the LUMO is related to the 
electron affinity [38]. The high value of HOMO in any molecule is an indication of 
its high tendency to donate electrons to molecules with empty and low-lying energy 
orbital acting as an acceptor.

Figure 5. 
The generic structure of chalcone.

Figure 6. 
Structure of (E)-3-(furan-2-yl)-1-phenylpro-2-en-1one.
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The energy band gap of furfural the starting material was the highest 
(10.17 eV), followed by UBI (4.54 eV), then NVF (3.89 eV), TBI (3.50 eV) and the 
lowest was FPP (2.45 eV). Large HOMO–LUMO energy gap is an indication of high 
stability and consequently less activity for the molecule in chemical reactions [39]. 
Thus, furfural is the most stable with less activity and FPP is the least stable with 
the highest activities.

Also, the Chemical potentials follow the same trend with furfural having the 
highest value (−5.09 eV), followed by UBI (−2.27 eV), next was NVF (−1.95 eV), 
then TBI (−1.75 eV) and least was FPP (−1.23 eV). Energy-gap determines the 
chemical potential of a compound. The higher the energy-gap, the more stable the 
compound; more energy would be required to overcome the barrier and conse-
quently the lower would be the chemical activities of such compound [40].

These two properties go together, hardness is inversely proportional to the 
softness. It was discovered that the hardest was furfural (5.09) which is the least 
soft (0.10), again followed by UBI with hardness (2.27) and softness of (0.22). This 
was closely followed by NVF with hardness and softness values of (1.75) and (0.26) 
respectively, followed by TBI with (1.95) and (0.29) for hardness and softness. FPP 
is also the least hard (1.23) with the highest softness value (0.41). A hard compound 
will not solvate easily in a solvent and therefore the activities will be low and vice 
versa. The softness of a compound is an indication of increased movement of a sys-
tem towards another compound and vice versa [41]. FPP with the highest softness 
value (0.29) will ionize easily and all its activities (biological and Chemical) would 
be very high.

The ionization potential for the furfural compound was greatest and the least 
value was for FPP molecule. This result indicates that furfural molecule needs high 
energy to become cation compared with the synthesized compounds (UBI, NVF, 
TBI and FPP) while FPP needs the smallest energy to overcome the barrier.

Properties Formulae Furfural UBI TBI NVF FPP

Energy gap (eV) EL - EH 10.17 4.54 3.50 3.89 2.45

Chemical potential 
(K)

½(EH-EL) −5.09 −2.27 −1.75 −1.95 −1.23

Absolute Hardness 
(η)

½(EL-EH) 5.09 2.27 1.75 1.95 1.23

Softness (S) 1
2η

0.10 0.22 0.29 0.26 0.41

Electrophilicity 2

2
K
η

2.55 1.14 0.88 0.99 0.62

Electronegativity I EA
2
+ 9.29 4.38 4.12 4.57 4.25

Ionization potential, 
I (eV)

-EH 9.73 6.65 5.87 6.51 3.03

Electron affinity, EA 
(eV)

-EL −0.44 2.11 2.37 2.62 5.48

Dipole moment, 
μ (D)

2.68 3.41 3.34 6.44

Polarizability (α) 57.59 58.65 51.15

EHOMO (eV) −9.73 −6.65 −5.87 −6.51 −3.03

ELUMO (eV) 0.44 −2.11 −2.37 −2.62 −5.48

Table 1. 
Global parameters.
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The strength of an acceptor molecule is measured by its electron affinity (EA) 
which is the energy released when adding one electron to the LUMO of a com-
pound. An acceptor must have a high EA. Electron affinity (EA) for the molecule 
FPP was the largest (Table 1). The calculated properties for both electron affinity 
and ionization potential reveal that FPP molecules have a tendency to receive 
electrons and as well as donating electrons for reaction to occur.

11. Conclusion

Furfural without a doubt is versatile as a starting material for chemical synthe-
sis. The activities of its derivatives; 1,3-bis[(E)-furan2-yl)methylene]urea (UBI), 
1,3-bis[(E)-furan-2-yl) methylene]thiourea (TBI), 2-(2-Nitrovinyl) furan (NVF) 
and (E)-3-(furan-2-yl)-1-phenylprop-2-ene-1-one (FPP) are different from one 
another and far better than that of the starting material (furfural). Therefore, it is a 
good starting material for numerous beneficial industrial chemicals.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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