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ABSTRACT 

Biobased materials, derived from biomass building blocks, are essential in the pursuit 

of sustainable materials. Eugenol, a natural phenol obtained from clove oil, but also 

from lignin depolymerization, possesses a chemical structure that allows its easy 

modification to obtain a broad and versatile platform of biobased monomers. In this 

review, an overview of the variety of reactions that have been executed on the allylic 

double bond, phenol hydroxyl group, aromatic ring and methoxy group is given, 

focusing our attention on those to obtain monomers suitable for different 

polymerization reactions. Furthermore, possible applications and perspectives on the 

eugenol-derived materials are provided. 
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1 INTRODUCTION 

The current environmental concerns related to the anthropogenic carbon emissions 

and waste production, as well as the increased social awareness and restrictive 

legislations, have led the scientific community to aim for more sustainable raw 

materials. This has been further promoted due to the volatility of conventional fossil 

fuel price, its possible shortage and hence supply issues in the near future. Thus, the 

interest in replacing fossil fuels with renewable resources has increased during the 

recent years.1 

The objective of replacing petroleum-based molecules for biobased ones is to produce 

more sustainable materials. Specifically, polymers are remarkably interesting as they 

are materials with a wide range of applications because of their unique properties. 

However, the polymer industry is still mainly depending on petrochemical resources. It 

consumed around 4% of the world oil and gas production in 2009.2, 3 Biomass feedstock 

could be an eco-friendly substitute to petroleum-based raw materials as it allows 

obtaining a wide range of chemicals,4-7 including monomers for the synthesis of 

biobased polymers. Moreover, their production process may be more energy efficient 

than petroleum-based plastics processing, minimizing the carbon footprint.8 

Consequently, biobased polymers have received the increasing attention of the 

scientific community in recent years.8-13 

Biobased aliphatic polymers are produced from a large variety of renewable raw 

materials such as carbohydrates, and vegetable oils. For instance, polylactic acid (PLA) 

and polyhydroxyalkonate (PHA), two of the most common biobased polymers, are 

synthesized from carbohydrates.11, 14 On the other hand, polyesters, polyamides and 

polyurethanes can be obtained from triglycerides (fatty acids) of some vegetable oils 

such as flax, soybean, castor, sunflower and canola oil.15 However, the presence of 

aromatic groups in the polymer chain could confer interesting properties to the 

materials such as higher chemical resistance, higher thermal stability and good 

thermomechanical properties.16 Hence, aromatic groups are highly desired in high-

performance polymers for many applications in coatings, automotive, aeronautics, 

binders and composites.17 Indeed, the aromatic biobased molecules and phenolic 

derivatives are very present in many natural sources such as lignin, tannins or cashew 

nutshell liquid (CNSL).18 CNSL is a mixture of phenolic compounds substituted with a 

long unsaturated alkyl chain.19 The main component of CNLS is anacardic acid, but a 

thermal treatment followed by a distillation leads to a mixture containing about 90% 

of cardanol, which is a promising building block for biobased phenolic polymers.20 

Tannins are also a polyphenolic biomolecules present in many plants and trees used to 

produce phenolic resins.21 On the other hand, lignin is an economical and eco-friendly 

raw material to obtain phenolic monomers because of its wide availability and it is not 

a part of the food chain since it is obtained from the non-edible part of the plants and 

wood. It is an amorphous polyphenolic macromolecule with a wide number of polar 
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functional groups.22 Nevertheless, depolymerization is necessary to obtain 

monophenol monomers from both lignin23 and tannin.  

As mentioned before, several phenolic molecules employed in the synthesis of 

biobased monomers such as phenol, vanillin, guaiacol, eugenol, syringol and their 

derivatives18, 24 can be obtained from the lignin depolymerization.23, 25 Among them, 

eugenol is a promising molecule for several applications because of its chemical 

structure. Eugenol can be obtained from different plants.26 Moreover, palm oil 

pyrolysis allows to obtain biobased phenolic monomers such as cresol, guaiacol, 

syringol and eugenol.18 In addition, palm wastes produced by the oil palm industry are 

rich in lignocellulose and hence they are a good source of phenolic compounds and 

glucose.27-29 

Eugenol is a low viscosity homogeneous liquid, composed by a single molecule, in 

contrast to cardanol which is a mixture of various molecules.19 It is usually obtained 

from clove oil, which contains from 70 to 90% of eugenol. Annually, around 6,000 

metric tons of clove oil are produced.30 Eugenol market has grown significantly during 

the last years and is expected to grow with a Compound Annual Growth Rate (CAGR) 

of 8% from 2020 to 2025,31 reaching over US$ 745 million revenue by the end of 

2026.32 Thus, due to its chemical structure, as well as the different sources from which 

it can be produced and its rising market, eugenol is an interesting natural precursor of 

phenol.  

While there are a few reviews about eugenol, they are almost exclusively dedicated to 

its medical and pharmaceutical applications.26, 33, 34 To the best of our knowledge, 

there is not a general review about eugenol as monomer for the synthesis of biobased 

polymers yet. Only the use of eugenol as monomer for biobased epoxy resin has been 

reviewed previously by our research team.35 However, during the last years, there 

have been an increasing research focused on the functionalization of eugenol to 

synthesize monomers, and to execute their subsequent polymerization to produce 

biobased or partially biobased polymers. Thus, this review focuses on eugenol as 

building block for the synthesis of monomers and biobased polymers through different 

polymerization mechanisms. 

2 BASICS ON EUGENOL 

2.1 Origins, abundance and market 

Eugenol is a phenolic compound present in a large variety of plants such as clove tree, 

cinnamon, tulsi, basil, peeper, oregano, thyme, and nutmeg, among many others.26, 33, 

34, 36 It was firstly extracted from the buds and leaves of clove tree (Syzygium 

aromaticum (L.) Merr. & L.M.Perry or Eugenia caryophyllata Thunb.), which is native to 

Maluku Islands in Indonesia.33 Clove oil contains high concentration of eugenol 33, 37 

which is responsible for the characteristic clove aroma of clove buds and leaves. Cloves 
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are produced in Madagascar, Tanzania and Sri Lanka, among many other countries, but 

especially in Indonesia which produced more than the 77% of the global production in 

2016 (over 180,000 metric tons).38 In fact, commercial eugenol is mainly obtained from 

clove oil, but it is also extracted from cinnamon leaf, bark oil and basil oil which also 

contain high concentrations of this molecule.33, 36  

2.2 Production 

Eugenol can be synthetically produced by the allylation of guaiacol with allyl 

chloride,33, 39 but it is usually obtained from natural oil sources. There are various 

process to extract eugenol from the natural oils such as hydro distillation,40 solvent 

extraction,41 microwave-assisted extraction42 or supercritical CO2 extraction.43 

However, the most common method to extract eugenol is steam distillation.26, 33, 34 

This technique consists in the formation of the corresponding phenolic alkali salt with 

an aqueous solution of sodium or potassium hydroxide. Then, the non-soluble fraction 

which contains the non-phenolic molecules is extracted with a solvent or especially by 

steam distillation. Finally, the resulting alkali solution is acidified at low temperatures 

and then eugenol is purified by fractional distillation.  

Moreover, eugenol can also be obtained from depolymerization of lignin.23, 44-46 Even 

though this process remains to be optimized, it represents a promising feedstock due 

to the large availability of lignin.  

2.3 Toxicity 

The US Food & Drug Administration (FDA) considers eugenol as “generally recognized 

as safe” (GRAS) and it allows the use of eugenol in food.47 However, chronic exposure 

may cause a certain cytotoxicity and genotoxicity,33 and the ingestion of high 

quantities of clove oil may cause serious diseases such as coma, coagulopathy and 

hepatic failure among others.48, 49  

2.4 Applications 

Cloves have been used as a spice as well as for fragrance production in China for over 

2000 years.36 Eugenol possesses a characteristic and strong smell, with an odor 

threshold of 0.2-0.3 ng/L of air.50 In addition, in the traditional Chinese medicine, clove 

oil and buds are used as antimicrobial, antispasmodic, antiparasitic and to treat 

excessive intestinal gases, dyspepsia, gastritis and diarrhea.33, 36 In Europe, it has been 

used to treat the toothache since at least the 17th century.51 Eugenol possesses several 

pharmaceutical properties such as antioxidant,52, 53 antibacterial,54, 55 antifungal,56, 57 

antiparasitic,33, 34 antiviral,58, 59 anti-inflammatory,52, 60 analgesic,60, 61 and anticancer 

activity,62, 63 among many other properties.30 It is also reported to have anesthetic 

activity in fishes.64-66 Additionally, eugenol is widely used in cosmetics, perfumes, as 
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well as a flavoring agent. Furthermore, it is possible to find eugenol as an ingredient in 

mouthwashes and in pharmaceutical and dental preparations, as well as in dentistry 

applications as a solid composite in combination with zinc oxide.33 Eugenol derivatives 

also possess various pharmacological properties such as antioxidant and antibacterial 

properties.67, 68 Thus, the functionalization of eugenol and the incorporation of 

eugenol-based monomers into macromolecular chains leads to polymers with 

additional interesting properties and therefore with potential applications in many 

fields. 

3 EUGENOL – REACTIVITY and FUNCTIONALIZATION 

3.1 Eugenol reactive centers 

Eugenol, or 4-allyl-2-methoxyphenol, is a colorless to pale yellow oily liquid, soluble in 

organic solvents and slightly soluble in water (2.463 g/L at 25 °C).69, 70 The chemical 

structure of eugenol, depicted in Scheme 1, was elucidated for the first time by 

Wassermann in 1875.71 Eugenol possesses four main reaction sites: the phenolic 

hydroxyl group, the allyl group, the free positions of the aromatic ring and the 

methoxy group. 

 

 

Scheme 1. Chemical structure of eugenol and its reaction sites. 

 

Different possible reactions can be performed to functionalize eugenol to obtain 

eugenol-based monomers and polymers. Most of the (co)polymers containing eugenol 

moieties described in the literature are produced using eugenol-derived monomers 

where suitable functional groups were introduced to allow specific reactivity. For this 

reason, although there are many possible reactions to modify and to add new 

functional groups to eugenol for different purposes, the scope of this review will be to 

describe the most common and useful reactions to obtain eugenol-derived monomers. 

The selected reactions described in this review to functionalize eugenol on the four 

main reaction sites are summarized in Scheme 2. 
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Scheme 2. Possible reactions to functionalize eugenol on its four main reaction sites. 

 

3.2 Allylic double bond functionalization 

3.2.1 Thiol-ene reaction 

Thiol-ene “click” reaction,72 also called alkene hydrothiolation, is one of the most 

employed reactions to functionalize the allylic double bonds. This reaction enables the 

introduction of a wide range of functional groups in the eugenol allylic position 

through the addition of a thiol on the allylic double bond. Moreover, this reaction 

usually reaches high yields, and it is compatible with many functional groups, even 

under solvent-free conditions. Thus, it is widely used for the modification of polymers, 

thin-film fabrication, and dendrimer synthesis.73 

They are many examples in the literature to introduce a large variety of functional 

groups by the thiol-ene coupling. The use of this reaction can lead to the 

functionalization of eugenol with an alkyl chain,74 a phenyl,75 a hydroxyl,76-78 an 

ester,76, 79 a carboxylic acid,80 or a thiol group.81-83 The reaction can be carried out 

either thermally or photochemically, and with or without a radical initiator in both 

cases. Photochemical initiation requires UV irradiation, and it is generally carried out 

with a photoinitiator. Even if the use of a photoinitiatoir is not necessary, its utilization 

increases the reaction rate and the efficiency reducing the induction period.77 A typical 
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synthetic procedure to perform the thiol-ene coupling consists of irradiating with UVA 

light (λ = 365 nm) a mixture composed by eugenol and a thiol in the presence of 2,2-

dimethoxy-2-phenylacetophenone (DMPA) as depicted in Scheme 3 (a).74, 76, 84 

However, the use of other radical photoinitiators, such as 2-hydroxy-2-

methylpropiophenone, can also be found in the literature.77, 78  

 

Scheme 3. Thiol-ene reactions with eugenol and eugenol-derivatives. 

On the other hand, thermal initiation can be carried out with a radical initiator such as 

azobisisobutyronitrile (AIBN). However, the use of an initiator is not always necessary 

and sometimes the reaction can be performed by simple heating depending on the 

activation energy of the reaction between the alkene and the thiol. For instance, 

Lenardão et al.75 reported a method to functionalize eugenol with various aromatic 

thiols by thiol-ene coupling without any initiator and using glycerol as solvent. After 6 

hours at 80 °C, moderate yields (57-67%) of thiol-ene coupling products were 

obtained, leading to various eugenol-based molecules with interesting antioxidant 

properties. Additionally, they observed that the ratio of the anti-Markovnikov and 

Markovnikov adducts depended on the substitution of the thiol aromatic ring. In 

practice, the coupling occurred in the anti-Markovnikov and Markovnikov position in 

ratios 78:22, 97:3 and 96:4 for benzenethiol, 4-chlorobenzenethiol and 3-

methylbenzenethiol, respectively. This behavior was attributed to the steric hindrance 

of the bulky groups. Additionally, the use of a dithiol allows to link two eugenol 

molecules by a dithiol as spacer as displayed in Scheme 3 (b). 
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Montagut et al.83 published the coupling of eugenol with an alkyl di-thiol (dodecane-

1,12-dithiol) in similar conditions, obtaining a significant yield (85%) despite not using 

any initiator. There are also examples of the coupling of two eugenol-derived 

molecules through the allylic double bond using thiol-ene chemistry. For instance, 

Shrestra et al.85 published the dimerization of two alkoxylated eugenol derivatives with 

limonene dimercaptan to obtain biobased aromatic-aliphatic polyols as depicted in 

Scheme 3 (c). They performed the thiol-ene coupling by both thermal and 

photochemical initiation, using AIBN and 2-hydroxy-2-methyl propiophenone as radical 

thermal-initiator and photoinitiator, respectively. Concerning the reagent conversion, 

the obtained results suggested that thermal initiation is as effective as photochemical 

initiation and both initiation techniques provided polyols with similar properties. 

Other examples of the synthesis of polyols for the preparation of different polymeric 

materials have been published. Some of them will be presented in the eugenol-derived 

polymer section (vide infra). 

3.2.2 Epoxidation 

Epoxidation of the allyl group of eugenol is usually carried out with meta-

chloroperoxybenzoic acid (m-CPBA) as shown in Scheme 4.86-88 Generally, this reaction 

is performed after prior protection or after a previous functionalization of the phenolic 

hydroxyl group. Otherwise, phenolic group may react with m-CPBA generating by-

products. The protection can be achieved with acetic anhydride (Ac2O)89 or with silyl 

groups90 among other phenolic protecting groups. Note that silanes also react with the 

methoxide group of eugenol and thus the subsequent deprotection leads to a catechol 

group as detailed in Section 3.4.2. However, this kind of protection can be useful since 

other protecting groups may be cleaved or react during successive chemical 

transformations.90 Epoxidation on the allylic double bond could also be done using 

Oxone® (potassium peroxymonosulfate) and a mixture of water and acetone as 

solvents.91 The use of Oxone® instead of m-CPBA is a greener alternative since Oxone® 

is not a chlorinated oxidizing agent and atom economy is improved. 

 

Scheme 4. Epoxidation of allyl group of eugenol. 

 

3.2.3 Hydroxylation 

Hydroxylation of the allyl group of eugenol allows to obtain primary or secondary 

alcohols. This reaction is usually performed by hydroboration-oxidation of eugenol 

(Scheme 5).92-95  
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Scheme 5. Hydroboration-oxidation of eugenol. 

 

However, although hydroboration-oxidation is stereoselective (anti-Markovnikov), a 

small fraction of the Markovnikov adduct is also reported by these conditions (9:1). 

Thus, further purification by column chromatography is necessary to obtain the pure 

stereoisomer. The use of a bulkier hydroborating agent such as 9-

borabicyclo(3.3.1)nonane (9-BBN), which should normally increase the 

stereoselectivity, does not lead to a higher rate of the expected stereoisomer.93 In fact, 

the global yield of the reaction drops considerably.92 On the other hand, the 

Markovnikov adduct can be obtained by an epoxidation of the alkene followed by a 

hydrogenation with Pd-C in methanol.96 

Dihydroxylation of eugenol results in a 1,2-diol compound, but this reaction requires a 

previous protection step of the phenolic group, which can be achieved with benzyl 

bromide. Then, protected eugenol can react with osmium tetroxide to yield a eugenol-

derived 1,2-diol.97, 98 The resulting compound can be deprotected (to eliminate the 

benzyl group) by hydrogenation. Alternatively, dihydroxylation of eugenol can be also 

achieved by the formation of the epoxide followed by a treatment with an aqueous 

solution of sulfuric acid, avoiding the use of the extremely toxic osmium tetroxide.96  

3.2.4 Hydrosilylation 

Hydrosilylation of eugenol consists in the reaction between Si-H bonds and the allyl 

group of eugenol and yields a eugenol-based alkyl silane. This reaction is usually 

catalyzed by organoplatinum compounds, such as chloroplatinic acid,99, 100 

tetrakis(triphenylphosphine)palladium(0),101 or Karstedt's catalyst.102 Functionalization 

of polysiloxanes with eugenol yields polysiloxanes with remarkable anticorrosion 

properties. Moreover, the presence of a eugenol moiety confers antibacterial 

properties to silicone resins, which thus can be used for biomedical applications.100 

Additionally, the thermal stability of these resins is improved due to the presence of 

the aromatic ring of eugenol.  

 

3.2.5 Olefin methathesis 

Olefin metathesis and olefin cross-metathesis103 are powerful techniques to generate 

new C-C bonds, offering a wide range of possibilities to functionalize, isomerize, 

dimerize or polymerize eugenol and eugenol-derivatives. An illustrative example of 

eugenol functionalization by olefin cross-metathesis has been described by Taber and 
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Frankowski.104 In this work, eugenol reacts with cis-2-butene-1,4-diol in the presence 

of a Grubbs’ second-generation catalyst, resulting in (E)-4-(4-hydroxybut-2-en-1-yl)-2-

methoxyphenol as shown in Scheme 6 (a).  

 

Dimerization and isomerization of eugenol is another interesting reaction which can be 

carried out by olefin self-metathesis as described by Brett Runge et al.105 Indeed, 

dimerization of eugenol derivatives is an interesting tool to obtain difunctionalized 

monomers by olefin self-metathesis using either the first or second generation Grubbs’ 

catalyst or Hoveyda-Grubbs catalysts.106, 107 Subsequent hydrogenation of the double 

bond results in a eugenol-dimer (bisphenol), which can subsequently be functionalized 

through the hydroxyl group. Another interesting example is the synthesis of a diepoxy 

eugenol-based monomer, which can be a substitute to bisphenol A diglycidyl ether 

(DGEBA). It was reported by the self-metathesis of eugenol glycidyl ether (EGE) with a 

second generation Grubbs’ catalyst as depicted in Scheme 6 (b).108 

 

Scheme 6. (a) Olefin cross-metathesis and (b) self-metathesis of eugenol-derivatives 
with second generation Grubbs’ catalyst.  

 

3.2.6 Hydrogenation 

The hydrogenation of the allylic double bond of the eugenol yields 2-methoxy-4-

propylphenol, which is a molecule that can be further functionalized through the 

phenol or aromatic ring.109 This has been found to be useful in radical polymerization 

reactions as it prevents the formation of highly stabilized radicals produced by chain 

transfer reactions on the allylic groups. Further examples will be presented in the 

polymers section of this review. It is important to mention that the hydrogenated form 

of eugenol can be obtained from the reductive depolymerization of lignin as well.23 

3.2.7 Isomerization  

Isomerization of the allylic double bond to form the propenyl group can be achieved by 

using a stoichiometric amount of a base under heating.110, 111 

3.3 Phenol functionalization 
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3.3.1 Allylation 

Allylation of eugenol is a commonly employed reaction to functionalize the phenolic 

hydroxyl group with a supplementary allyl group. This reaction enables the 

introduction of two allyl functions, which can be employed to produce linear and 

cross-linked polymers by subsequent reactions such as thiol-ene or ene reaction, 

improving the thermal and mechanical properties.112 In addition, olefins are an 

interesting precursor of many other functions such as hydroxyl or epoxide groups, 

among others. 

Allylation of eugenol is generally carried out by the Williamson ether synthesis. Neda 

et al.112 reported the synthesis of allyl-etherified eugenol (AEG) using allyl bromide and 

sodium hydroxide (NaOH) in DMSO in high yield (96%) as depicted in Scheme 7. This 

synthetic strategy has been followed by several authors to obtain AEG.113-118 Other 

solvents such as acetone or DMF can be used in this synthesis producing similar 

yields.91, 119 The reaction can be performed with potassium carbonate (K2CO3) as the 

base instead of NaOH,120, 121 leading also to high reaction yields.122, 123 However, 

anhydrous DMF was used as solvent, which is considered a harmful solvent, whereas 

the use of other solvents such as acetone caused a significatively drop in the reaction 

yield (56%).124 

 

Scheme 7. Allylation of eugenol by the conditions proposed by Neda et al.112 and 
aromatic-Claisen rearrangement of AEG and allylation of rAEG. 

 

A different synthetic pathway to obtain AEG was published by Llevot et al.,125 which 

employed the Tsuji-Trost allylation.126, 127 In this case, eugenol reacts with allyl methyl 

carbonate in the presence of triphenylphosphine and palladium nanoparticles 

stabilized by poly(vinylpyrrolidone) as catalyst. The reaction was carried out in water 

as solvent, resulting in 85% yield. AEG can also be obtained by the reaction of eugenol 

with allyl alcohol in the presence of diisopropyl azodicarboxylate and triphenyl 

phosphine in THF, resulting in 71% yield.128 

Interestingly, an aromatic-Claisen rearrangement occurs on AEG under pyrolytic 

conditions, yielding 2,4-diallyl-6-methoxyphenol (rAEG),112, 115, 117 which can be 

etherified again with allyl bromide yielding a tri-allyl compound (1,3-diallyl-4-allyloxy-

5-methoxybenzene or DAEG) as depicted in Scheme 7.114 
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3.3.2 O-glycidylation 

O-glycidylation of the phenolic hydroxyl group of eugenol yields EGE by a Williamson 

ether synthesis mechanism. This reaction is typically performed with epichlorohydrin 

in the presence of sodium hydroxide.108, 129-133 It can be carried out in bulk or with a 

solvent such as ethanol or 2-propanol. It is noteworthy that quite different yields are 

observed in the literature, depending on the experimental procedure, going from 65% 

to over than 90% yield. The use of benzyltriethylammonium chloride (BETAC)108, 130 or 

tetra-n-butylammonium bromide (TBAB)131 as phase transfer catalysts is also 

considered by several authors. O-glycidylation uses epichlorohydrin as reagent, which 

is classified as a toxic and carcinogenic substance, and it is generally obtained from 

fossil resources. Nevertheless, biobased epichlorohydrin, produced from glycerol is 

commercially available (Epicerol® from Solvay).108 

Functionalization of both positions by sequential epoxidation and O-glycidylation must 

be performed in this specific order as shown in Scheme 8. It is important to perfrom 

epoxidation of the allyl group after a previous protection of the phenolic function and 

then to carry out the O-glycidylation. Otherwise, the reaction yields a complex brown 

mixture that is difficult to purify.89 Additionally, O-glycidylation can be done directly on 

the acetylated eugenol without the deprotection step. However, the O-glycidylation 

yield drops significantly (63%) compared to the O-glycidylation of a non-protected 

hydroxyl group using similar conditions.  

 

Scheme 8. Sequential epoxidation and O-glycidylation of eugenol.89 

 

Eugenol di-epoxide can also be obtained by allylation of the phenolic hydroxyl position 

followed by epoxidation of both allyl groups as shown by Guzman et al.,91 which 

employed this method but using Oxone® instead of m-CPBA as oxidizing agent. 

 

3.3.3 Alkoxylation 

Alkoxylation of eugenol consists of the reaction of the phenolic hydroxyl group with an 

epoxide, provoking the ring-opening of the epoxide and leading to a hydroxyl group. 

For instance, Shrestha et al.85 synthesized propoxylated eugenol with by the 
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alkoxylation of eugenol with an excess of propylene oxide (Scheme 9). The reaction 

was carried out in an autoclave using 1,1,3,3-tetramethylguanidine (TMG) as catalyst, 

obtaining a quantitative yield. The autoclave had to be cooled to control the 

temperature and the pressure since the reaction is highly exothermic. Additionally, the 

authors described the synthesis a 1,2-diol compound derivative from eugenol by this 

method but using glycidol instead of propylene oxide as depicted in Scheme 9. Both 

synthesized compounds were subsequently dimerized by the thiol-ene reaction, 

resulting in biobased polyols which can be used for the synthesis of polyurethanes. 

 

Scheme 9. Alkoxylation of eugenol with propylene oxide and glycidol. 

 

3.3.4 Hydroxyethylation 

Hydroxylation of eugenol involves the introduction of a hydroxyethyl group in the 

phenolic hydroxyl group to form 2-eugenyl ethanol. Rojo et al.134 achieved the 

synthesis of 2-eugenyl ethanol by a Williamson ether synthesis using eugenol and 2-

chloroethanol in the presence of potassium hydroxide as a base and potassium iodide 

as co-catalyst. However, a greener synthesis, to avoid the toxic and harmful 

halogenated reagents, can be carried out by the use of ethylene carbonate instead of 

2-chloroethanol.76 Additionally, the use of 1,5-diazabicyclo(4.3.0)non-5-ene (DBN) as 

catalyst with higher temperatures and without solvent led to the same product in 

higher yield.135, 136 Hydroxyethylation by both techniques, using 2-chloroethanol and 

using ethylene carbonate, is depicted in Scheme 10. 

 

Scheme 10. Synthesis of 2-eugenyl ethanol with a) 2-chloroethanol and b) ethylene 
carbonate. 
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3.3.5 Esterification 

Phenolic hydroxyl group of eugenol can be esterified to introduce an alkyl chain. For 

instance, it is possible to form eugenyl acetate easily by the reaction of eugenol with 

acetic anhydride.137 However, in this section we will focus on the esterification 

reaction to introduce an acrylate or methacrylate function, since these functions can 

be polymerized. Acrylic and methacrylic monomers are widely used in the industry 

because of their low cost, ease of production and the properties of the corresponding 

polymers such as their relatively high thermal stability as well as a high resistance to 

breakage. 

The introduction of a methacrylic group allows the radical polymerization of eugenol, 

which does not promptly occur through the allyl group and also suffers from the 

radical scavenging character of the phenol group.138 Rojo et al.134 published the 

methacrylation reaction of eugenol and 2-eugenyl ethanol leading to eugenol-based 

methacrylated monomers in order to obtain (co)polymers by conventional radical 

polymerization for applications in dental composites and as orthopedic bones 

cements. The methacrylation of eugenol was carried out with methacryloyl chloride, 

which can react directly with phenolic group to form 4-allyl-2-methoxyphenyl 

methacrylate. On the other hand, 2-(4-allyl-2-methoxyphenoxy)ethyl methacrylate, 

with a spacer group between the methacrylic and the eugenol moieties, was obtained 

by hydroxyethylation followed by the reaction with methacryloyl chloride.134, 139 The 

introduction of a spacer reduces the risk of hydrolysis of the ester group135 and 

provides a higher steric freedom which influences the bioactivity.139 Both reactions are 

displayed in Scheme 11. As mentioned before, it is possible to synthesize 2-eugenyl 

ethanol without the use of halogenated reagents by using cyclocarbonates.135, 136 Then, 

methacrylation can be performed by using methacrylic anhydride and triethylamine. 

  

 

Scheme 11. Synthesis of i) 4-allyl-2-methoxyphenyl methacrylate and ii) 2-(4-allyl-2-

methoxyphenoxy)ethyl methacrylate from eugenol. 
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The introduction of an acrylic group instead of a methacrylic group with and without a 

spacer by a similar procedure was also reported.140 Reaction of the phenolic group 

with acrylic acid in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) as catalyst led to the acrylated eugenol but in 

moderate yields (68% yield).141 

Eugenol-based monomers containing two acrylate functions in order to obtain cross-

linked networks have been also reported. The dimerization of eugenol with a dithiol by 

thiol-ene reaction yields a diphenol, which can be then acrylated with acryloyl 

chloride.142 Additionally, the introduction of a methacrylate group in both phenolic 

hydroxyl and allylic double bond was also reported by Dai et al.80 The strategy to 

synthesize the eugenol-derived methacrylates monomers consisted in the introduction 

of a mono- or di-acid in the allylic double bond by thiol-ene reaction. Then, glycidyl 

methacrylate reacted with the carboxylic acid group and the phenolic group in the 

presence of tetra-n-butylammonium bromide (TBAB) yielding di- or tri-functionalized 

eugenol-based methacrylates. These monomers were copolymerized using UV 

irradiation with acrylated eugenol and acrylated epoxidized soybean monomers. 

3.4 Methoxy group 

3.4.1 O-demethylation 

O-methyl group of eugenol can be converted to a hydroxyl function leading to a 

cathecolic group. This reaction can be carried out by oxidative O-demethylation using 

2-iodoxybenzoic acid (IBX) or stabilized 2-iodoxybenzoic acid (SIBX) as depicted in 

Scheme 12 (a). 4-Allylpyrocatechol was obtained in both cases in moderate yields (67% 

and 77%, respectively).143 A quantitative yield (99%) can be reached using aluminum 

iodide with an excess of pyridine in acetonitrile144 or aluminum chloride with 1,3-

diisopropylcarbodiimide (DIC) and an excess of sodium iodide.145 

 

 

Scheme 12. Oxidative O-demethylation of eugenol. 90,143 
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3.4.2 Silylation and O-demethylation 

Methoxy group of eugenol, as well as the hydroxyl phenolic group, can react with 

silanes.90 The reaction can be carried out with diphenylsilane, a silyl protecting group, 

in presence of tris-(pentafluorophenyl)borane as displayed in Scheme 12 (b). The silane 

reacts with both the methoxy and the phenolic hydroxyl group. The resulting 

compound is extremely moisture sensitive. The authors indeed realized that the 

compound reacted during the silica gel column chromatography to yield 4-

allylpyrocathecol quantitatively, reaching 77% of global reaction yield. 

 

3.5 Aromatic ring functionalization  

3.5.1 Nitration 

Nitroeugenol allows to obtain eugenol derivatives with interesting functional groups 

such as amine (aniline), which can be a precursor of novel attractive molecules and 

thus interesting polymers, some of them possessing bioactive properties.146-150 

Nitration of eugenol was reported since the nineteenth century by Weselsky et al.151 

carried out with fuming nitric acid for 24 h, followed by a treatment with potassium 

hydroxide. After further purification, elemental analysis matched with the expected 

values of nitroeugenol. The molecular structure of eugenol was described short time 

before,71 and it was concluded that the obtained product should be ortho-nitroeugenol 

(4-allyl-2-methoxy-6-nitrophenol), since the para position is already occupied. A high 

reaction yield (up to 79%) of ortho-nitroeugenol can be obtained performing the 

reaction with nitric acid (70%) in acetic acid.152 More recently, Sudarma et al.153 

analyzed several methods to obtained ortho-nitroeugenol, concluding that the best 

conditions to carry out this reaction is using a mixture of ammonium nitrate and 

potassium bisulfate in acetonitrile (Scheme 13), reaching 86% yield.  

 

Scheme 13. Synthetic pathway to obtain ortho-eugenol proposed by Sudarma et al.153 

 

 

The synthesis of meta-nitroeugenol (4-allyl-2-methoxy-5-nitrophenol) was reported for 

the first time by Clemo et al.154 in 1949. The synthetic pathway starts from eugenyl 

acetate which reacts with a mixture of nitric acid and acetic anhydride. On the other 

hand, the synthesis of 4-allyl-2-methoxy-3-nitrophenol can be achieved by the 

protection of the phenolic group with an acetyl group followed by the reaction with 
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nitrating mixture (HNO3 and H2SO4 1:1) in dichloromethane.155 In fact, this reaction 

yields both nitrated products in meta position, 4-allyl-2-methoxy-3-nitrophenol and 4-

allyl-2-methoxy-5-nitrophenol. After separation of the two isomers by column 

chromatography (petroleum ether/ethyl acetate mixtures increasing polarity), the 

deprotection of the acetyl group was carried out with potassium carbonate in 

methanol. Additionally, this paper reported the antifungal activities of nitroeugenol 

and nitroeugenol-derivatives, which were compared according to the position of the 

nitro group. The best antifungal activity was obtained for ortho-nitroeugenol (allyl-2-

methoxy-6-nitrophenol). 

3.5.2 Oxidative coupling  

Oxidative coupling allows to dimerize eugenol through the formation of a C-C linkage 

between the aromatic group of two eugenols in ortho position of phenolic hydroxyl 

group to obtain dehydrodieugenol. Dimerization of eugenol by oxidative coupling 

allows to obtain a eugenol dimer while maintaining the two main reactive sites of 

eugenol (phenolic hydroxyl group and allylic double bond group). Dehydrodieugenol 

has been obtained since the beginning of the twenteenth century by the reaction of 

eugenol with ferric chloride (FeCl3) or even by the oxidation of eugenol with ferments 

of mushroom (Russula delica).156 Later, dehydrodieugenol was obtained by De Farias 

Dias157 in almost quantitative yield (98%) using potassium ferricyanide (K3Fe(CN)6) 

dissolved in a mixture of acetone and ammonium hydroxide, followed by a treatment 

with hydrochloric acid as depicted in Scheme 14. This synthetic pathway has been 

employed by several authors to obtain dehydrodieugenol for the synthesis of 

bismaleimide (BMI) resins,158 for allyl and epoxy functionalization to use in thiol-ene or 

thiol-epoxy reaction,91 or to obtain diols by hydroxyethylation for PU synthesis.159 

Additionally, dehydrodieugenol exhibited remarkable antioxidant properties (even 

higher than eugenol and other eugenol derivatives)67 and antibacterial properties,160 

as well as a lower cytotoxicity than eugenol.161 Thus, dehydrodieugenol has potential 

biomedical applications, especially in dentistry for the synthesis of zinc oxide eugenol 

cements.161 

 

Scheme 14. Oxidative coupling of eugenol with K3Fe(CN)6. 

 

Alternative syntheses of dehydrodieugenol were published later using 

methyltributylammonium permanganate162 or iron(II) sulfate with hydrogen 
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peroxide,160 but all of them with lower reaction yields. Later, a greener synthesis using 

hydrogen peroxide with an enzymatic catalyst (horseradish peroxidase) was reported, 

increasing considerably the reaction yield to 94% .163 Enzymatic catalysis was also 

employed by Llevot et al.164 to obtain dehydrodieugenol in high yields (87% ), using 

laccase from Trametes versicolor as catalyst. Additionally, dehydrodieugenol can be 

obtained by electrochemical dehydrodimerization using reusable carbon-based 

electrodes reaching 80% yield. 165 

The chemical structure of eugenol with its four main reactive sites (allylic double bond, 

aromatic ring, methoxy group, and phenolic hydroxyl group) allows introducing a wide 

variety of functional groups that can be used in the synthesis of novel materials with 

interesting properties and aiming different applications. Nowadays, biobased 

polymeric materials are of high interest as it is a priority to substitute their petroleum-

based counterparts in the pursuit of a more sustainable chemistry. In the next section, 

several examples of eugenol-derived monomers used to obtain different types of 

polymers are provided.  

4 EUGENOL-BASED POLYMERS 

Taking advantage of the wide variety of functionalization reactions on the eugenol 

chemical structure, different monomers can be obtained. This platform of monomers 

provides multiple possible polymerization reactions to produce new materials. In the 

following section, some examples of polymerization reactions through different 

mechanisms are selected and presented.  

4.1 Step growth polymerization 

4.1.1 Polyurethanes 

Polyurethanes represent around 6% of the total polymer market166 with applications in 

paints, coatings, elastomers, insulators, elastic fibers, foams and integral skins, among 

others.167 The introduction of biobased building blocks for the production of 

polyurethanes has been reported.168 Lignin is of particular interest as a feedstock due 

to the presence of hydroxyl and aromatic ring groups. Previous studies were done 

directly using lignin as a source of hydroxyl groups for the synthesis of polyurethanes. 

Nevertheless, disadvantages of using lignin were encountered related to solubility and 

reactivity issues. One of the possible solutions was to use the products of lignin 

depolymerization and their derivatives.166 

Polyurethanes are polymers which contain urethane linkages. Usually, the urethane 

linkage is formed by the reaction of an isocyanate with a hydroxyl group. The use of a 

compound containing two or more isocyanate groups with a polyol lead to a 

polyurethane. Thus, there are two possibilities to synthesize eugenol-based 

polyurethanes: using a eugenol-based polyol or using a eugenol-based diisocyanate. 

There are several studies which employ eugenol-based polyols to obtain 
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polyurethanes. However, to the best of our knowledge, eugenol-based isocyanates are 

not reported in the literature yet. 

Eugenol-based polyols can be obtained through different synthetic pathways. An 

interesting strategy was published by Li et al.,159 consisting in the formation of a 

eugenol dimer by oxidative coupling and then by the hydroxyethylation of the phenol 

groups, yielding di(hydroxyethyl) dieugenol. In this article, the urethane linkages were 

formed by the reaction of the di(hydroxyethyl)dehydrodieugenoleugenol with 

hexamethylene diisocyanate (HDI) as depicted in Scheme 15. The resulting 

polyurethane was only characterized by FTIR spectroscopy, with a peak at 1740 cm-1 

corresponding to the signal of the urethane bond. 

 

 

Scheme 15. Synthesis of a eugenol-based polyol by oxidative coupling and 
hydroxyethylation and subsequent eugenol-based polyurethane synthesis.159 

 

Additionally, the phenolic hydroxyl group of eugenol can directly react with 

isocyanates to produce an urethane bond.169 Alternatively, eugenol-derived polyols 

can also be synthesized by introducing hydroxyl groups through the allylic double 

bond. Thiol-ene reaction was used to introduce hydroxyl groups, and consequently the 

resulting compounds can react with a diisocyanate to produce a polyurethane as 

shown in Scheme 16.77 Resulting PUs exhibited glass transition temperatures between 

36 and 77 °C and good mechanical properties, particularly a high tensile strength (over 

54.8 MPa). Furthermore, polyols can be obtained from the coupling of two eugenol 

molecules using a dithiol as exemplified in the thiol-ene section (vide supra). Shrestra 

et al.,85 prepared partially biobased rigid polyurethane foams (PUF) from the polyol 

derived from limonene mercaptan and alkoxylated eugenol as depicted in Scheme 16. 

Resulting aliphatic-aromatic PUFs showed superior mechanical properties compare to 

PUFs based exclusively on biobased aliphatic polyols. The authors claimed a wide 
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variety of possible applications of these materials such as thermal insulation, food 

industries, packaging, and flotation materials.  

 

Scheme 16. Synthesis of polyols using thiol-ene reaction to produce polyurethanes.  

 

An example of eugenol-derived polymer through thiol-ene polymerization was 

prepared from a monomer obtained from a series of reactions involving the 

condensation reaction between eugenol and eugenol glycidyl ether by thiol-ene, 

yielding a diallyl monomer with a spacer containing a secondary hydroxyl group 

(Scheme 17). 

 

 

Scheme 17. Eugenol-derivative thiol-ene polymerization. 

 

This prepolymer was further reacted through thiol-oxidation (with itself and with other 

thiols) and then cured (through the free hydroxyl groups) with a diisocyanate such as 

hexamethylene diisocyanate (HDI) to obtain a materials with self-healing performance 

under UV irradiation, coming from the dynamic disulfide bonds and hydrogen bonds in 

the polymers.170  

Non-isocyanate polyurethanes (NIPUs)171, 172 are polymers containing urethane 

linkages which have been synthesized without the use of the toxic and harmful 
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isocyanates. There are many ways to obtain NIPUs, but one of the most used is the 

reaction of a cyclic carbonate with an amine. Cheng et al.89 reported the synthesis of a 

eugenol-based dicyclic carbonate starting from the diepoxy eugenol. This monomer 

was able to react with a diamine (4,4′-diamino diphenylmethane) (Scheme 18). This 

reaction was also used to cure an eugenol-based siloxane bearing a cyclic carbonate.131 

 

Scheme 18. Synthesis of eugenol-derived carbonates to produce non-isocyanate 
polyurethanes. 

 

4.1.2 Thiol-oxidation 

Thiol oxidation is the reaction of two thiol groups to lead a disulfide group. The 

reaction is carried out in the presence of an oxidant, generally hydrogen peroxide. This 

reaction allows to obtain linear polymers with a dithiol, or cross-linked polymers when 

employing tri- or tetra-thiols. As described previously, eugenol and eugenol derivatives 

can be functionalized with thiol groups by thiol-ene reaction with a dithiol, as depicted 

in Scheme 19. The dithiol eugenol derivatives can be then polymerized using thiol-

oxidation. This strategy was followed by Cheng et al.124, 173, who prepared linear 

eugenol-based polymers from allyl eugenol and hexanedithiol. The resulting polymers 

possess thiol function in chain-ends, allowing the subsequent polymerization by thiol-

oxidation with themselves or the cross-linking with trithiols such as trimethylolpropane 

tris(3-mercaptopropionate). Resulting cross-linked polymers showed good mechanical 

properties, reaching a tensile strength value about 6 MPa and an elongation at break 

of around 300%.173 

 

Scheme 19. Thiol-ene reaction of AEG and subsequent thiol-oxidation. 
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4.1.3 Thiol-ene coupling and thiol-ene polymerization 

As mentioned before, thiol-ene “click” reaction can be used to introduce either desired 

functional groups through the allylic double bond or eugenol moieties into a polymer, 

but it can also be employed to copolymerize eugenol and eugenol-derivatives. Thiol-

ene networks are obtained via a radical step-growth process showing a rapid chain 

transfer, which produces highly homogeneous networks resulting in well-defined 

physical and mechanical properties, such as a narrow glass transition temperature.174 

In this way, Donovan et al.174 synthesized a cross-linked polymer for adhesive 

applications. Pentaerythritol triallyl ether was mixed with methyleugenol, eugenol and 

4-allylpyrocatechol in different ratios and then they were photopolymerized with 

tetrathiol (pentaerythritol tetra(3-mercaptopropionate)). Full conversion was observed 

for the methyleugenol while a decrease in conversion occurred in the presence of 

phenolic hydroxyl group (more significantly with the catechol function due to the 

radical scavenging effect of the phenolic hydroxyl groups). The Tg and Young’s 

modulus of resulting materials decreased with the increase of the eugenol, 

methyleugenol or 4-allylpyrocatechol content, since the cross-linking density 

decreased and the presence of more free chain ends into the network increased with 

eugenol or eugenol-derivatives content. 

Thiol-ene reaction was also used to graft eugenol-derivatives onto polymer chains 

containing olefins such as polybutadienes as shown in Scheme 20.81, 82 The synthetic 

strategy consisted in the functionalization of the allylic position of silyl-protected 

eugenol with a dithiol by slow addition of eugenol in a large excess of the dithiol, and 

then grafting the resulting molecule by a thiol-ene reaction onto polybutadiene. The 

molecular weight of the polymers increased with the grafting, and the glass transition 

temperature decreased reaching -33 to -35 °C. Deprotection of the eugenol moieties 

was carried out in acid medium to yield a catechol group, leading to polymers with 

higher glass transition temperatures (3 to 10 °C).81  

 

Scheme 20. Grafting of eugenol-derived methacrylates to polybutadiene. 
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Similarly, inspired on the adhesive proteins of mussels, which possess a catechol 

moiety in their structure, Heo et al.73 published the synthesis of a polysiloxane 

functionalized with silyl-protected cathecolic groups starting from eugenol. The 

synthetic strategy consisted of the protection of hydroxyl group of eugenol by 

silylation with triethylsilane. Note that this reaction not only protects the phenolic 

hydroxyl group of eugenol to prevent the interference of this group in the thiol-ene 

reaction, but also converts the methoxy group on a protected phenolic hydroxyl group, 

leading to a protected cathecolic group. Subsequently, thiol-ene reaction was carried 

out with poly(mercaptomethyl)siloxane and using DMPA as photoinitiator. The silyl 

protecting groups serve to provide a long shelf life to the assembled materials. 

Moreover, the silyl-protected catecholic functions can be deprotected under mild 

acidic or basic conditions, allowing to modulate the catechol-mediated adhesion by the 

ratio of protected and deprotected cathecolic hydroxyl groups, which is highly 

effective for underwater adhesion systems. 

Thiol-ene coupling and polymerization reactions allowed to prepare highly cross-linked 

networks with AEG and a trithiol such as trimethylolpropane tris(3-

mercaptopropionate), also incorporating eugenol and linalool molecules.121 This 

technique produced cross-linked materials with antibacterial and antioxidant 

properties. The presence of native eugenol with free phenolic groups promoted the 

anti-adhesion bacterial activity and led to antioxidant properties. The produced 

biobased materials were not affected by water penetration under high moisture 

conditions.  

In addition, the same research team prepared a composite material by cross-linking 

AEG with trithiols incorporating ZnO nanoparticles. The material exhibited antibacterial 

properties enhanced by the presence of ZnO.120 The authors claimed that the 

elaboration of bioactive surfaces for medical applications could be envisaged. 

Photocuring technique also allowed to synthesize antioxidant and antibacterial 

networks containing bioactive molecules such as carvacrol or tannic acid with a 

potential use for packaging application.122, 123 Surprisingly, while carvacrol (up to 20% 

w/w) acts as plasticizer, diminishing the Tα, it rises the Young’s modulus. Carvacrol also 

produces a higher cross-linking density attributed to the presence of physical cross-link 

nodes.123 

A similar procedure was used by Dai et al.119 to prepare cross-linked networks with 

AEG, diallyl itaconate (synthesized from itaconic acid and allyl bromide) and a trithiol. 

The curing was carried out under UV irradiation, leading to films with antibacterial 

properties and with higher tensile strength, modulus and glass transition temperature 

when increasing the content of diallyl itaconate. These three different polymerizations 

using AEG are depicted in Scheme 21. 
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Scheme 21. Different thiol-ene polymerization reactions using allyl-etherified eugenol. 

 

Miao et al.175 reported the synthesis of a fully biobased triallyl eugenol-derivative by a 

one-step sustainable method, consisting in the nucleophilic substitution reaction of 

P−Cl bonds of phosphoryl chloride and the hydroxyl group of eugenol in water. The 

resulting compound, trieugenol phosphate (TEP) was cross-linked through thiol-ene 

coupling with a di-, tri- and tetra-thiol leading to networks with high cross-linking 

densities and remarkable thermal properties, especially for the highest cross-linking 

densities obtained with the tetra-thiol (pentaerythritol tetrakis(3-

mercaptopropionate)). The authors claimed potential applications in high-performance 

flexible transparent materials and as stereolithographic 3D print material. 

4.1.4 Thiol-epoxy polymerization 

Although previous examples relate to eugenol as the alkene in the thiol-ene reaction, it 

can be also functionalized to produce thiols as shown by Guzmán et al.116, 176 In this 

work, the authors described the preparation of various eugenol-based monomers, 

including eugenol-based tri-thiols (via an allylation, followed by the reaction with 

thioacetic acid and then a saponification), and their curing process through both thiol-

ene reaction and thiol-epoxy dual curing using a eugenol glycidyl derivative. The dual 

curing led to the improvement of thermal and mechanical properties such as the Tg (up 

to 57 °C), the stiffness and the tensile strength.  

4.1.5 Epoxy resins 

Epoxy resins are among the most versatile thermosetting polymers and they are widely 

used in many industrial and domestic products because of their remarkable 

properties.177, 178 However, a large majority of epoxy resins are manufactured currently 

from petroleum-based monomers such as bisphenol A diglycidyl ether (DGEBA) 

obtained from bisphenol A (BPA) and epichlorohydrin. Besides not being renewable 

raw materials, both reagents are considered toxic and harmful to health. Biobased 
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epoxy resins are considered promising materials, which can exhibit similar or even 

better properties that petroleum-based ones.177 Since eugenol is a biobased phenolic 

monomer which can be functionalized with one or more epoxide groups, it is a 

potential candidate to substitute BPA in epoxy resins. For instance, Qin et al.179 

synthesized a eugenol di-epoxide monomer and cured it using hexahydrophthalic 

anhydride (HHPA) and a biobased rosin-derived anhydride named maleopimaric acid 

(MPA). The resulting material was compared with a material synthesized with a DGEBA 

commercial epoxy resin (D.E.R.™ 353, Dow®) and cured with the same curing agents, 

and it was concluded that both materials exhibited similar thermal and mechanical 

performances. 

Alternatively, Wan et al. developed a few eugenol-derived epoxy monomers based on 

the di- or tri-merization of eugenol through its phenolic hydroxyl function with an 

aromatic diacyl chloride,180 an aromatic dichloride181 or by the formation of a 

cyanurate ring.87 The curing process was carried out with 4,4’-diaminodiphenyl 

methane (DDM) and 3,3’-diaminodiphenylsulfone (33DDS) as shown in Scheme 22.  

 

  

Scheme 22. Synthesis of eugenol-derived di and tri-epoxy monomers. 
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The resulting materials were compared with the epoxy resins obtained from DGEBA 

and using the same curing agents. The results showed that the eugenol-derived epoxy 

resins exhibit comparable or even better thermal and mechanical properties, such as 

higher char yield and lower flammability.  

Phosphorous is well-known to contribute to the flame retardancy properties of 

materials, avoiding the use of halogens.182, 183 Thus, the introduction of phosphorous in 

eugenol-derivatives monomers can be interesting to obtain thermosets with high char 

yields and with potential application as flame retardant materials. For instance, our 

research team synthesized and characterized eugenol-based thermosets with 

trieugenyl phosphate (TEP), which was obtained by the reaction of eugenol with 

phosphoryl chloride (POCl3) in the presence of triethylamine (Scheme 23).88, 184 

Subsequent epoxidation with m-CPBA yields triepoxidized eugenyl phosphate (TEEP), 

which was employed as epoxy resin cured with an aliphatic diamine (Jeffamine® EDR-

148) and with an aromatic one (m-xylylenediamine, MXDA). Both materials exhibit 

good thermal and mechanical properties as well as high char yields and thus they have 

a potential application as flame retardant materials.  

 

Scheme 23. Synthetic pathway of tri(epoxized-eugenyl) phosphate (TEEP).88 

 

Miao et al.86 reported the preparation of a high biomass content epoxy resin 

synthesized from eugenol and 2,5-furandicarboxylic acid using an eco-friendly 

synthetic route. The curing process was performed with methyl hexahydrophthalic 

anhydride (MHHPA). Because of the presence of phenyl and furan aromatic groups in 

the structure, the resulting material exhibited a remarkable high Tg (over than 153 °C), 

thermomechanical properties and flame retardancy compared to materials obtained 

from DGEBA epoxy resin.  

More recently, Tian et al.78 prepared a shape memory polymer starting from the 

diglycidyl ether of eugenol-2-mercaptoethanol and the diglycidyl ether of vanillyl 

alcohol (DGEVA) cured with DDM. The resulting network is composed of soft segments 

produced by the aliphatic moieties and hard segments from the aromatic groups. 

4.1.6 Ene reaction 

Ene reaction, also known as Alder-ene reaction, was discovered by Kurt Alder in 

1943.185 This pericyclic reaction consists in the reaction between an alkene and an 

allylic hydrogen.186 Thus, the allyl group of eugenol can react with an alkene through 

ene reaction. Maleimide is commonly employed in the ene reaction due to its 

exceptional reactivity. Cured BMI resins possess interesting properties such as high Tg, 



 

28 
 

good hot-wet performance as well as low flammability.187 Moreover, the thermal 

addition polymerization of BMIs does not produce any elimination product, making 

these polymers interesting for composite materials. 

Gaina et al.188 reported the synthesis of a few allyl-maleimide and allyl-citraconimide 

monomers containing a eugenol moiety (Scheme 24). Curing process of these 

monomers was carried out thermally by ene and Diels-Alder reactions, leading to 

polyesters with a notable thermal stability.  

 

Scheme 24. Eugenol-derived monomer ene polymerization. 

 

A different strategy to obtain BMI resins consists of the formation of a eugenol dimer 

containing two allyl functions by the reaction of eugenol with succinic acid,189 to be 

subsequently reacted with BMIs (synthesized from p-hydroxyphenylmaleimide and 

succinyl chloride). The curing reaction proceeded by heating a mixture in different 

ratios of both products. Another BMI resin was also prepared with 2,2’-diallyl 

bisphenol A and 4,4’-bismaleimidediphenylmethane in order to compare the 

properties of both resins cured under the same conditions. While the petroleum-based 

resin exhibited better thermal and mechanical properties when fully cured under 

severe conditions, the biobased thermosetting resin was curable at lower temperature 

and shorter time than the diallyl bisphenol A resins. 

Neda et al.112 prepared BMI resins from allyl eugenol (AEG) and allyl bis-eugenol 

(ABEG) obtained by oxidative coupling. The resulting BMI resins exhibited 

extraordinary thermal and mechanical properties. The Tg values and the thermal 

stability increased with increasing of BMI content. Additionally, the pyrolysis of AEG 

produced 2,4-diallyl-6-methoxyphenol by Claisen rearrangement, whereas pyrolysis of 

ABEG led to either elimination or rearrangement to the free position adjacent to the 

phenolic group by an out-of-ring Claisen rearrangement. On the other hand, Shibata et 

al.113 reported the synthesis of biobased aliphatic polyol-derived polymaleimides and 

their polymerization with AEG to obtain thermosetting resins with a high biobased 

content and good thermal resistance, but lower than the AEG/BMI resins.  
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Scheme 25. Different eugenol derived monomers used in ene polymerization with 
BMI. 

 

Alternatively, TEP was also cured by ene reaction with N,N’-1,3-phenylene 

bismaleimide (PhBMI) and a linear maleimide terminated polydimethylsiloxane 

(SiBMI).184 The resulting materials exhibited remarkable properties such as very low Tg 

(-113 °C for SiBMI) or very high char yield (60% for PhBMI). 

Ene reaction was also used to enhance properties of other eugenol-based networks 

such as benzoxazines.190 The allylic double bond is able to react with the maleimide 

group through ene reaction. The polymerization between a eugenol-derived 

benzoxazine and BMI was performed. Depending on the concentration of BMI, the 

thermal and mechanical properties can be modulated. Additionally, the properties of 

this system were improved by the addition of a limited amount of carbon nanotubes 

(CNTs) to form composites which are very promising materials for aerospace and 

micro-electronics applications. Indeed, eugenol-based bis-maleimide (BMI) resins have 

been synthesized to produce high performance biobased bis-maleimide resins and 

networks.112, 158, 189, 191 
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Scheme 26. Bezoxazine eugenol-derived monomer used in ene polymerization with 
BMI. 

 

Zhang et al.192 prepared a star-shaped cyclotriphosphazene eugenol derivative 

(hexaeugenolcyclotriphosphazene, HECTP, Scheme 27), which contains six allyl 

functional groups. The synthetic strategy consisted in the reduction of eugenol with 

metallic sodium to obtain sodium eugenolate, which reacts with 

hexachlorocyclotriphosphazene. This molecule was subsequently cured with BMI 

leading to a bismaleimide resin with a limiting oxygen index (LOI) of 39% and thus 

excellent flame retardancy properties as well as a good mechanical properties and 

thermal stability (more than 60% of residues at 850 °C). An alternative synthetic 

pathway to obtain HECTP using potassium carbonate instead of metallic sodium was 

recently published.193 Additionally, in this study HECTP was cured by thiol-ene reaction 

with di-, tri- and tetra-functionalized thiol monomers, leading to materials with 

outstanding thermal and mechanical properties and high transparency. Monisha et 

al.194 reported the curing process of HECTP by the ROP of liquid elemental sulfur (S8) at 

180 °C. The resulting material exhibited remarkable properties as flame retardant and 

potential application as a cathode material in high-performance Li-S batteries for 

tropical countries. 

 

Scheme 27. Chemical structure of HECTP. 

On the other hand, HECTP was employed for the synthesis of polybenzoxazines by the 

reaction with a cardanol based tris-benzoxazine.195 The curing reaction of the mixture 

yielded a hydrophobic benzoxazine resin which exhibited high flame retardant 

efficiency and with great potential to replace many other flame retardant. 

 

4.1.7 Benzoxazines 

Benzoxazines are molecules with an oxazine ring (a six-membered ring containing an 

oxygen and a nitrogen) attached to a benzene ring. The oxygen and nitrogen can be in 
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different positions of the ring, however the term benzoxazines is usually referred to 

the 1,3-benzoxazines. Benzoxazines are readily synthesized by a Mannich-like 

condensation of a phenol-derivative, a primary amine and formaldehyde. Benzoxazines 

polymerize by thermally activated ring-opening polymerization, with or without 

catalyst, and with a cationic initiator or by simple heating, leading to polybenzoxazines. 

These polymers are a relatively new class of polymeric phenolic resins with unique 

properties such as near-zero shrinkage, low moisture absorption, high glass transition 

temperatures and very high char yields, making them attractive for many applications 

such as microelectronics, aerospace industry, and in fuel cells.196, 197 Eugenol could be a 

potential precursor to synthesize benzoxazine resins since it possesses a phenolic 

hydroxyl function in its chemical structure.198 However, eugenol is an aromatic 

compound where the para and one of the ortho positions relative to phenolic hydroxyl 

group are already occupied. As the privileged site for the ring-opening polymerization 

of benzoxazines is the ortho position and to a lesser extent para position, the cross-

linking reaction of eugenol-based benzoxazines should not occur. Nevertheless, the 

use of a mixture of symmetric and hybrid eugenol and phenol bis-benzoxazines yielded 

a crosslinked network whose crosslink density can be modulate with the eugenol 

content.199 Alternatively, the allyl function is able to react with the maleimide group 

through ene reaction.190 Indeed, eugenol-based bis-maleimide (BMI) resins have been 

synthesized to produce high performance biobased bis-maleimide resins and 

networks.112, 158, 189, 191 Thirikumaran et al.200 reported the synthesis as well as the 

curing process of a few eugenol-based bis-benzoxazines using aromatic diamines. 

Interestingly, they observed that allyl moiety from eugenol also participates in the 

curing process improving the cross-linking density of the obtained polymers as 

depicted in Scheme 28, resulting in a surprisingly high thermal stability and char yield. 

Furthermore, eugenol-based polybenzoxazines showed antimicrobial properties and 

therefore have potential applications as films in food packaging industry.201, 202 

 

Scheme 28. Synthesis of polybenzoxazine from eugenol. 
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This research group then published the synthesis of fully biobased benzoxazines 

synthesized from eugenol, stearyl amine and furfurylamine by an eco-friendly process 

without solvents.203, 204 Additionally, the authors noted that the furan ring increased 

the cross-linking density in the polymer and the copolymer, improving the thermal and 

mechanical properties of the resulting polymers. These polymers exhibited a high LOI 

and thus good properties as flame retardancy. They were also employed to prepare 

biobased composites with jute fiber, previously treated to increase the interaction 

with the resins by the formation of inter-molecular hydrogen bonds.204 A similar 

strategy was followed by Amarnath et al.,205 who employed eugenol, isoeugenol, 

furfurylamine and paraformaldehyde to synthesize eugenol and isoeugenol-based 

benzoxazines. The curing behavior and the thermomechanical properties of resulting 

crosslinked materials were compared. Interestingly, the curing reaction of isoeugenol-

based benzoxazine was notably faster than the one of eugenol-based benzoxazine due 

to the conjugation of the double bond with the aromatic ring. A higher Tg, storage 

modulus and better adhesion properties were also observed for the isoeugenol-based 

crosslinked benzoxazine due to the shorter chain length. 

4.1.8 Phenolic resins 

Phenolic resins are synthetic polymers obtained by addition-condensation of phenol or 

a phenol-derivative with formaldehyde. These resins have dominated the field of 

thermosetting polymers for many decades because of their versatility, low production 

cost, thermal stability, and the ease of their production. They are widely used to 

manufacture circuit boards, wood and wood fiber panels and molded products among 

many other applications.206 Since eugenol is a substituted phenol, it can be used as an 

eco-friendly alternative to the toxic and harmful phenol. There are two kinds of 

phenolic resins: novolac, where the phenol/formaldehyde molar ratio is higher than 

one and the resoles, where the phenol/formaldehyde molar ratio is lower than one. 

There are a few examples of the synthesis of eugenol novolac; however, to the best of 

our knowledge, eugenol resoles have not been reported yet. 

Sakamoto et al.207 pioneered in the synthesis of a few new novolacs from natural 

phenolic compounds such as vanillin, vanillin derivatives and eugenol. They used the 

acid-catalyzed phenol-formaldehyde condensation with eugenol, formaldehyde, and 

concentrated hydrochloric acid or sulfuric acid in acetic acid to obtain eugenol novolac 

in quantitative yield as displayed in Scheme 29.  

 

Scheme 29. Polycondensation of eugenol with formaldehyde.207 
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More recently, Shibata et al.158 reported the synthesis of eugenol novolac by a similar 

procedure, leading to eugenol oligomers. These oligomers were subsequently cured by 

ene reaction with different amounts of BMIs. The resulting materials possess 

properties that varies with the BMI content, such as the flexural strength, and 

especially the Tg and the thermal stability. This research team also published the 

synthesis of a eugenol-derived epoxy resin from O-glycidylated eugenol novolac cured 

photo-thermally by simultaneous thiol-ene, thiol-epoxy and thiol-maleimide 

reactions.130 Moreover, the synthesis of silicon-modified phenolic novolacs from a 

eugenol-derivative functionalized with a siloxane, phenol and formaldehyde was 

achieved by Li et al. 208 The resulting material was used as resin matrix with sisal fiber 

to form a composite exhibiting excellent electrical resistance, low water absorption 

and high thermal stability.  

4.1.9 Olefin metathesis 

Polymerization of eugenol derivatives containing two olefin functions (eugenol 

dimerized through the phenolic hydroxyl group by different linkers or 4-allyl-1-(but-3-

en-1-yloxy)-2-methoxybenzene) was achieved with high conversions by acyclic diene 

metathesis (ADMET) polymerization using a second generation Grubbs’ catalysts, with 

and without solvent.209 The authors noted that for some employed monomers, a 

partial isomerization of the phenyl allyl group occurred during the polymerization, 

especially for high reaction times. 

A different strategy to obtain eugenol-based polyesters was proposed by Le et al.210 

involving the formation of a diallyl compound by the reaction of the phenolic hydroxyl 

group of eugenol with 10-undecenoyl chloride, a biobased unsaturated acyl chloride 

obtained from castor oil. Then, ADMET polymerization of the resulting molecule was 

carried out with second generation Grubbs’ catalyst, resulting in a fully biobased 

polyester (Scheme 30). 

 

Scheme 30. Eugenol-derived polyester synthesized through ADMET polymerization. 

 

Chapala et al.81 carried out the functionalization of 1,2-polybutadiene with eugenol 

with first- and second-generation Grubbs’ catalysts. In this case, they used a triethyl 

silyl-protected eugenol to perform the cross-metathesis reaction because of the higher 

reactivity of the protected eugenol in cross-metathesis and to prevent the formation 

of insoluble crosslinked polymers due to intra- and inter-molecular hydrogens bonds, 

according to the authors. 
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4.1.10 Polyesters 

Polyesters are multifunctional materials with a multitude of industrial applications, 

especially in the clothing industry. They can be synthesized by several methods such as 

condensation, acylation, or transesterification, among others. Hu et al.84, 211, 212 

reported the synthesis of a few eugenol-based precursors of polyesters obtained by 

thiol-ene coupling of eugenol with methyl thioglycolate, followed by an alkylation of 

the phenolic group with methyl chloroacetate, or by a dimerization of the eugenol-

derived ester with 1,4-bibromobutane (Scheme 31). 

 

Scheme 31. Eugenol-derived diesters prepared by Hu et al.211 

 

Subsequent polymerization was carried out by transesterification and two-step melt 

polycondensation with linear aliphatic diols such as ethylene glycol or 1,4-butanediol, 

among others, leading to thermoplastic polyesters with remarkable thermal stabilities 

and mechanical properties. A deeper study correlating the chemical microstructures of 

these copolymers with the thermal and crystalline properties was carried out by this 

research team.213 Consequently, these materials have the capability to substitute the 

currently used petroleum-based polyesters such as polyethylene terephthalate (PET) 

or polybutylene terephthalate (PBT). In addition, the insertion of a phenoxy-ether in 

the structure enhanced toughness of polyesters.214 

 

4.2 Chain growth polymerization 

4.2.1 Cationic polymerization of eugenol 

There are a few examples of cationic copolymerization of eugenol in the literature. 

Eugenol and lauryl methacrylate copolymers were obtained by Fajrin et al.215 by 

cationic polymerization using sulfuric acid as initiator. On the other hand, Breloy et 

al.216 reported the synthesis of a biobased antibacterial coating using both cationic and 

thiol-ene reaction with eugenol and mono- and di-epoxy limonene and with β-

carotene as photosensitizer under visible-light irradiation. Additionally, the synthesis 

of a network with eugenol glycidyl ether and resorcinol diglycidyl ether by cationic 

copolymerization with UV irradiation and iodonium was published by Modjinou et 

al.133. The resulting network possessed the pendant allyl groups which were post-

functionalized by thiol-ene reaction with glutathione to add new properties to the 

material such as antibacterial and antioxidant properties. 

4.2.2 Radical polymerization 

Eugenol does not polymerize promptly through its allylic double bond as this would 

form highly stabilized allylic radicals. Moreover, the phenolic moiety in its structure 
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acts as a radical scavenger conferring eugenol molecule antioxidative properties.138, 217, 

218 Therefore, suitable functional groups should be introduced to radical 

polymerization. Eugenyl methacrylate and ethoxy eugenyl methacrylate can homo and 

copolymerize, as reported by Rojo et al.134, 139 who synthesized (co)polymers for 

applications in dentistry. It was shown that the monomers readily reacted producing 

high cross-linked material. Moreover, the polymeric materials exhibited antibacterial 

properties. Similarly, Deng et al.219 synthesized and polymerized eugenyl methacrylate 

through aqueous suspension polymerization. The allylic double bond was used as an 

additional functionality to induce cross-linking. The resulting polymer formed 

microspheres with diameters ranging from 500 to 800 μm. These microspheres 

exhibited a remarkable property as oil-absorbent and could be re-used at least five 

times. 

Ding et al.142 synthesized a dimer of eugenol by thiol-ene coupling employing 3,6-

dioxa-1,8-octanedithiol. Subsequently, the eugenol dimer was functionalized with 

acryloyl chloride, leading to a diacrylate monomer (Scheme 32).  

  

Scheme 32. Eugenol-derived di-acrylate for radical polymerization. 

 

This monomer was copolymerized by UV irradiation with guaiacol methacrylate and 

with vanillyl alcohol dimethacrylate or trimethylolpropane trimethacrylate 

showinggood photo curing kinetics. The obtained polymers had good mechanical 

properties such as high modulus, tensile strength, and thermal stability. Thus, the use 

of eugenol-derived monomers is promising in the field of thermoset polymers for 

stereolithography 3D printing.  

A hydrogenated eugenol-derived monomer, also known as 4-propyl guaiacol, as well as 

other monomers derived from syringol have been used directly after the lignin 

reductive depolymerization process.220 These building blocks were then acrylated using 

acryloyl chloride and copolymerized with butyl acrylate in reversible 

addition‐fragmentation transfer (RAFT) polymerization process. The adhesive 

properties (peel and tack) of the obtained polymers were compared with some 

commercial products showing higher performance. 
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Recently, our research team reported the synthesis of a series of eugenol derived 

acrylates and methacrylates135 by ethoxylation on the phenol group followed by the 

introduction of a methacrylate or acrylate group using methacrylic anhydride or 

acryloyl chloride respectively. These experiments included the use of eugenol 

derivatives such as isoeugenol and dihydroeugenol. The obtained eugenol-derived 

methacrylates were used in photoinduced polymerization, showing that the 

polymerization rate of the methacrylate double bonds was affected by the presence 

and reactivity of the allyl and propenyl groups in the eugenol- and isoeugenol-derived 

methacrylates, respectively.221 Furthermore, environmentally friendly aqueous 

emulsion polymerization of the eugenol-derived methacrylates was performed, 

producing stable latexes with Tg values between 20 to 63 °C.136 In addition, the 

copolymerization of eugenol and dihydroeugenol-derived methacrylates was 

performed with commercial monomers to obtain latexes for adhesive applications, 

with properties comparable to a commercial product.222  

5 CONSLUSIONS AND PERSPECTIVES 

The interest for biobased polymers and thus the demand of biobased monomers has 

not stopped growing in recent years. Natural monomers containing aromatic, and 

especially phenolic groups, are really appreciated since the resulting material possess 

remarkable thermal and mechanical properties. There are several natural phenolic 

compounds obtained from different sources such as vanillin and its derivatives, 

syringaldehyde, ferulic and caffeic acids, cardanol and eugenol. Among them, eugenol, 

a natural phenol coming from clove oil, but also accessible through the 

depolymerization of lignin, rises as a very interesting building block for the synthesis of 

more sustainable materials. Its versatile chemical structure allows to execute a broad 

variety of functionalization reactions which give access to a platform of new 

multifunctional biobased molecules. By their own reactivity or combined with other 

reactants, these eugenol-based molecules open the possibility to explore and create 

precursors for a wide range of applications. Moreover, eugenol exhibit a high aromatic 

density compared to other natural phenolic compounds such as ferulic acid, caffeic 

acid and cardanol, leading to materials high thermal and mechanical performances. 

Even if vanillin and syringaldehyde present a higher aromatic density than eugenol, the 

absence of a short alkyl chain led to an exceedingly high aromatic density of the 

resulting materials, which are usually harder and more fragile. Furthermore, the 

production volume of biobased vanillin and syringaldehyde is lower than eugenol, 

making these phenolic monomer precursors more expensive and then less attractive 

to the industry. On the other hand, cardanol is also a remarkably interesting natural 

phenolic source, since is an inexpensive and relatively abundant raw material with 

several reaction sites which can be functionalized. Nevertheless, cardanol is a mixture 

of different molecules and its long alkyl chain provokes that the thermal and 

mechanical properties exhibited by the materials are less interesting. Ferulic and 

caffeic acids also exhibit various advantages of eugenol, such as a moderate price and 
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a large production volume, as well as a good balance between functionality and 

aromatic density. However, the presence of acid functions makes them less attractive. 

Thus, among the different natural phenolic compounds, eugenol is the best 

compromise between aromatic density, abundance, price, and functionality, as 

summarized in Figure 1. 

 

 

Figure 1. Comparison between different natural phenol precursors. 

 

Although there are many options to succeed in the introduction of specific functional 

groups in the eugenol-based molecules, synthetic pathways that avoid or minimize the 

use of toxic reagents should be preferred. For instance, we can cite the use of Oxone® 

or hydrogen peroxide to replace oxidants such as m-CPBA to produce epoxy, or the use 

of low toxicity reagents in the alkoxylation like the use of ethylene carbonate instead 

of chloroethanol. Similarly, atom- and energy-efficient and solvent-free reactions or 

using non-toxic solvents should be favored. A good example is the use of the thiol-ene 

reactions that can be triggered thermally but also by light and could be solvent-free.72  

Several examples of polymeric materials have been listed in this review, including 

polyurethanes (also non-isocyanate polyurethanes), phenolic resins, epoxy resins, 

polyesters and polybenzoxazines. Moreover, polymers obtained from thiol-oxidation, 

thiol-ene coupling and polymerization, thiol-epoxy condensation, ene reaction, olefin 

metathesis as well as cationic and radical polymerizations were also presented. 
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Polymerization processes should also be adapted to be environmentally friendly. Thus, 

a process with low energy consumption (e.g. photo-induced reactions) as well as the 

reduction of waste and the use of safer solvents and auxiliaries is desired. Solvent-free 

polymerization and curing processes should be privileged. On the other hand, the use 

of aqueous processes such as aqueous emulsion polymerization is gaining importance 

due to the use of water as continuous phase and the different possible applications in 

coatings and adhesives of the obtained polymers.  

Another aspect that should be pursued for some specific applications is the 

(bio)degradability of materials. The synthesis of polyesters with biobased molecules 

such as eugenol is an interesting line to explore. Similarly, the synthesis of materials 

that can be reprocessable or with self-healing properties needs to be addressed. 

Lately, vitrimers have caught the attention of the scientific community due to the 

possibility to obtain self-healing materials. 

This review also aimed to provide the reader a suitable toolbox of possible reactions 

and polymerization examples so that researchers not only exploit them further in the 

design of novel eugenol-derived monomers but also in the design of other biobased 

molecules, especially the ones coming from lignin depolymerization. Although lignin 

depolymerization is not an optimized process yet, it is currently widely studied 

because of the large availability of this raw material. It is an opportunity to valorize the 

lignin-derived molecules in higher added value biobased materials and to contribute to 

the highly expected circular economy. 
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