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1. Introduction

There is no doubt that there are many organic compounds with good biological and pharmacological
activities.!"!> Insect growth regulators (IGRs), also called third-generation insecticides, are pesticides
that disrupt the normal activity of the endocrine or hormone system of the insects, affecting the
development, reproduction, or metamorphosis of the target insect.!® Several features of insect growth
regulators (IGRs) make them attractive as alternatives to broad-spectrum insecticides.!” Some of these
features are more selective, less harmful to the environment, more compatible with pest management
systems that include biological control,'® and less likely to be lost because of resistance. Insects have
demonstrated a propensity to develop resistance to insecticides.!” Virtually all chemicals used to control
insects fall into one of three categories: neurotoxins, growth regulators and behavior modifiers.Most
chemicals used to control insects are neurotoxins which interfere with normal nerve function.
Organophosphorus insecticides were derived from nerve gases that were first exploited for military
purposes. Other insecticides were discovered by testing chemicals to find their insecticidal activities.?
Among those that kill quickly is a neurotoxin acted on neurotransmissions was sought and developed
as an insecticide. In the early discovery and development of insecticides, efforts were focused on
chemistry rather than biology.?! Insect growth regulators (IGRs) are compounds that interfere with
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insect-specific physiological systems that do not exist in vertebrates.”> A hard cuticle, serving as an
exoskeleton, covers the body of insects and related arthropods. Once produced, the cuticle cannot grow;
to allow growing of the insect, the old cuticle is shed and a new, larger, and often different cuticle is
formed.?* This change of the cuticle is termed molt or molting and a stage between two consecutive
molts is named an ‘‘instar.”” To reach the adult stage, insects molt several times, i.¢., they have several
instars, and they undergo ‘‘metamorphosis’’ from larva or nymph to adult, or from larva to pupa and
then from pupa to adult.?* Both molting and metamorphosis are regulated by hormones secreted by
endocrine organs. These physiological systems are not shared by vertebrates, or differ from vertebrate
systems, and they constitute targets to IGRs. Most IGRs used today in insect control either interfere
with the formation of the new cuticle or disturb metamorphosis.?> IGRs deregulate rather than regulate
insect development; therefore, the recently (though yet infrequently) used term ‘‘Insect Development
Inhibitors’’ is more suitable.?®

2. Discovery of Insect growth regulators

The first account of the potential use of IGRs in insect control was in 1956, when juvenile hormone
(JH) was isolated from the abdominal crude extract of the male Cecropia moths Hyalophoracecropia
(L.).?” Topical application of the hormone prevented metamorphosis and subsequent multiplication of
the insect. However, it was not observed until the discovery of the Paper factor in 1965 because the
paper factor led to an understanding of the potential use of JH in insect development. Researchers at
Harvard observed that cultures of the linden bug, Pyrrhocorisapterus L., which originally came from
Czechoslovakia, had low egg hatch rates and those supernumerary larvae, rather than adults, were
formed. The active component of the paper towel, which was later identified as juvabione, came from
the balsam fir, Abisbalsamea (L.), the main pulp tree used in the United States paper industry
(newspapers, magazines, etc.). Juvabione is a methyl ester of domatuic acid proven to be a very specific
juvenile hormone mimic of the hemipteran family Pyrrhocoridae. The discovery of this highly specific
substance led to industrial interests in JH as a tool in developing IGRs.?® The origin of IGRs was entirely
different. Their discovery was based on the knowledge of how insects grow, develop, function and
behave.? They have been discovered in two ways one way was to expose an insect to IGRs and observe
abnormalities in how it develops functions or behaves. Chemicals that produce desired effects were
developed. Another way to find out what processes in the insects' development involves, hormones and
to use those hormones as models to synthesize chemical analogs that will interfere with normal insect
growth and development. Because IGRs act on systems unique to insects, or shared with close relatives,
they are less likely to affect other organisms.*® In 1967 Carrol Williams proposed that the term *third
generation pesticide’” can be applied to the potential use of the insect juvenile hormone (JH) as an
insecticide, and suggested that it would not only be environmentally benign but that the pest insects
would also be unable to develop resistance. However, it took several years before the first commercial
juvenile hormone analog (JHA) made its debut.’!*> After that, several compounds that adversely
interfere with the growth and development of insects have been synthesized, and have been collectively
referred to as insect growth regulators (IGRs).** Concerns over eco-toxicology and mammalian safety
have resulted in a paradigm shift from the development of neurotoxic, broad-spectrum insecticides
towards softer, more environmentally friendly pest control agents such as IGRs. This search has led to
the discovery of chemicals that interfere with physiological and biochemical systems that are unique to
either insect in particular or arthropods, in general, have insect specific toxicity based on either
molecular target site or vulnerability to a development stage and are safe to the environment and non-
target species. The rationale was that if the pest insect is treated with a chemical analog, which mimics
the action of hormones like JHs and ecdysteroids, at an inappropriate stage the hormonal imbalance
would force the insect to go through abnormal development leading to mortality. It was also thought
that because such chemicals would in many instances work via the receptor(s) of these hormones, it
was less likely for the affected population to develop target site resistance. Yet other target sites are the
biosynthetic steps of cuticle formation, which insects share with other arthropods. Adversely interfering
with this process would result in the inability of the intoxicated insect to molt and undergo further
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development. Unlike neurotoxic insecticides that are fast-acting, IGRs are in general slow-acting,
which might result in more damage to the crop. However, some IGRs, such as ecdysone agonists,
induce feeding inhibition, significantly reducing the damage to below acceptable levels. The slow mode
of action of some IGRs, such as chitin synthesis inhibitors, can be an advantage in controlling social
insects, such as termites, where the material has to be carried to the brood and spread to other members.

It was in the early seventies that the first chitin synthesis inhibitor, a benzoylphenylurea, was
discovered by scientists at Philips Duphar BV, and marketed as dimilin by the Uniroyal Chemical
Company (Crompton Corp. Middlebury, CT) in the USA. Since then, several new analogs that interfere
with one or more steps of cuticle synthesis have been synthesized and are being marketed for
controlling various pests. With an emphasis on after the initial success with the synthesis of methoprene
by Zoecon (Palo Alto, CA, USA) very few new JHAs with good control potential other than
pyriproxyfen and fenoxycarb have been developed. These compounds have been particularly useful in
targeting the eggs and embryonic development as well as larvae. The synthesis of pyriproxyfen and
fenoxycarb was a departure from the terpenoid structure of JHs and earlier JHAs. Early attempts in the
1970s to synthesize insecticides with molting hormone (20-hydroxyecdysone) activity failed because
they were based on a cholesterol backbone, which resulted in chemical and metabolic instability of the
steroid nucleus.** It took nearly two more decades before the first nonsteroidal ecdysone agonist, based
on the bisacylhydrazine class of compounds, was synthesized.* Structure-activity optimization of the
first such compound over the subsequent few years led to the synthesis of four highly effective
compounds that have since been commercialized.

3. How insect growth regulators work

Insects wear their skeletons on the outside and these skeletons are called exoskeletons. As the insect
grows, a new exoskeleton must be formed inside the old exoskeleton and the old one shed. The new
one then swells to a larger size and hardens.>® The process is called molting. The changes from larval
to adult form, this process is called metamorphosis, also take place during molting. Hormones control
the phases of molting by acting on the epidermis that is part of the exoskeleton.?’

3.1 Mode of Action of the Insect Molting Hormone
3.1.1 Physiological Role

Amongst the animal kingdom, arthropods display a remarkable adaptability and diversity in
inhabiting very different ecological niches. Between larval and adult stages of a given insect, an insect
undergoes distinct developmental and morphological changes that help it to survive in different
environments. For example, mosquito larvae are perfectly suited to surviving in an aqueous
environment, whereas the adult mosquitos inhabit terrestrial and aerial environments. Larval or
nymphal stages of most of the agricultural pests develop on host plant species, and the adult assumes
an aerial space to look for food and a mate, returning to the host plant only to oviposit and start another
life cycle. The growth and development from one stage to another is regulated by two main hormones;
the steroidal insect molting hormone, 20-hydroxyecdysone (Fig. 1) and the sesquiterpenoid JH, of
which there are five types. Even as an insect embryo grows, it undergoes embryonic molts, where each
molt is regulated by 20E. The molting process continues through the larval and pupal stages culminating
in the adult stage. The molting process is initiated by an increase in the titer of 20E, and is completed
following its decline and the release of eclosion hormone. In preparation for a molt and as the 20E titers
increase, the larva stops feeding and apolysis of the epidermis from the old cuticle takes place leaving
an ecdysial space that is filled with molting fluid containing inactive chitinolytic enzymes. During this
time, the epidermal cells also reorganize in order that large quantities of protein can be synthesized for
deposition of a happens with up and down regulation of a number of genes encoding a number of
epidermal proteins and enzymes.*® The fall in the 20E titer triggers the activation of enzymes in the
molting fluid for digestion of the procuticle underlying the old cuticle. This event is followed by the
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resorption of the molting fluid and preparation for ecdysis.*® When the 20E titer is cleared from the
system, the eclosion hormone is released, which in turn results in the release of the ecdysis-triggering
hormone, and all these events lead to the ecdysis of the larva leaving behind there mnants of the old
cuticle.*®* With the completion of ecdysis, feeding resumes and endocuticular deposition continues
during the inter molt period.
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Fig. 1. Chemical structures of 20-hydroxyecdysone (1), the first discovered symmetrically substituted
dichloro-dibenzoylhydrazine (2), RH-5849 (3), tebu-fenozide (4), methoxyfenozide (5), halofenozide
(6), and chromofenozide (7).

3.1.2 Ecdysteroid Agonist Insecticides
3.1.2.1 Discovery of Ecdysone Agonist Insecticides and Commercial Products

Although attempts for discover insecticides with an insect molting hormone activity were made in
the early 1970s,*! it was not until a decade later that the first bisacylhydrazine ecdysone agonist (Fig.
1) was serendipitously discovered at Rohm and Haas Company, Springs House, PA, USA.% Several
years later, after several chemical iterations of this early lead, a simpler, unsubstituted, but slightly more
potent analog, RH-5849 (Fig. 1), was discovered.** Further work on the structure and activity of RH-
5849 resulted in more potent and cost-effective bisacyl hydrazines with a high degree of selective pest
toxicity.*’ Of these, three bisacylhydrazine compounds, all substituted analogs of RH-5849, coded as
RH-5992 (tebufenozide (4); Fig. 1), RH-2485 (methoxyfenozide (5); Fig. 1), and RH-0345
(halofenozide (6); Fig. 1) have been commercialized (Table 1). Both tebufenozide and methoxy
fenozideare selectively toxic to lepidopteran larvae.’> However, methoxyfenozide is more potent than
tebufenozide, and is toxic to a wider range of lepidopteran pests of cotton, corn, and other agronomic
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pests.** Halofenozide has a broader and an overall insect control spectrum somewhat similar to that of
RH-5849, but with significantly higher oil-systemic efficacy against scarabid beetle larvae, cutworms,
and webworms.

Another bisacylhydrazine, chromafenozide (7) coded as ANS-118; Fig. 1) was discovered and
developed jointly by Nippon Kayaku Co., Ltd., Saitama, Japan and Sankyo Co., Ltd. Ibaraki, Japan.®’
Chromafenozide, registered under the trade names, MATRIC and KILLAT, is commercialized for the
control of lepidopteran larval pests of vegetables, fruits, vines, tea, rice, and ornamentals in Japan.*®

Table 1. Bisacylhydrazine insecticides with edysone mode of action

Structure Common name  Code as industry Registered name  Pest spectrum
0 A( MIMIC,

”/N Tebufenozide RH5992 CONFIRM, lepidoptera
0 ROMDAN
INTREPID,

0

AN/ RUNNER,

H/ Methoxyfenozide RH2485 lepidoptera
0 PRODIGY,
o~ FALCON

ANSI118, MATRIC,

0
(\/é/[m Chromofenozide CMO01 S lepidoptera
o ! o}
o} A/
RH-0345 .
N/N7(© Halofenozide Lgplldoptera,
H 0 MACH?2 oleoptera
cl

3.1.2.2 Synthesis and structure—activity relationships (SAR).

The synthesis of symmetrical and asymmetrical 1,2-dibenzoyl-1-t-butyl hydrazines can be achieved
by the following two step reaction shown in Fig. 2. In 1984, during the process of synthesizing
compound number 1 in Fig. 2, which was to be used for the synthesis of another class of compounds,
Hsu (Rohm and Haas Company) obtained an additional undesired product (Fig. 2), 1,2-di(4-
chlorobenzoyl)-1-tbutylhydrazine (A 7 4-Cl). Testing of this undesired by-product revealed that it had
ecdysteroid activity, and eventually led to the development of a bisacylhydrazine class of compounds.
This serendipitous discovery can be attributed to the inquiring mind of Hsu, who decided to test this
compound for biological activity even though it was a contaminant! By treating equivalent amounts of
different benzoyl chlorides with 1 (benzoyl hydrazide), unsubstituted analogs (3) can be prepared as
shown in Fig. 2.
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Fig. 2. Synthetic routes for unsubstituted and substituted bisacylhydrazines.

Between 1985 and 1999, approximately 4000 structural bisacylhydrazine analogs were synthesized
at the Rohm and Haas Company. This resulted in the selection of 22 candidate compounds for field
testing; three of these were selected for commercial development. Extensive SAR research was carried
out around the bisacylhydrazine chemistry to discover additional more potent nonsteroidal agonists
with different pest spectrum activity.*’

4. Types of insect growth regulators

IGRs are usually classified according to their mode of action. Sometimes, however, terminology
related to their chemical structure is also practiced; for example, most chitin synthesis inhibitors are
benzoylphenylurea derivatives and the term ‘benzoylphenylurea’ is often used in the literature. There
are three types of IGRs, each of which has a different mode of action.*®

4.1 Chitin synthesis inhibitors.

Chitin, the (14) glycoside polymer of N-acetyl-D-glucosamine, is a major structural component of
insect cuticles.*” In addition to the insect cuticles, chitin is also present in cell walls of fungi and
protozoa, but is absent in higher plants and vertebrates.*! Chitin synthesis inhibitors (CSIs), which can
interfere with chitin formation, will affect the normal growth and development process of insects and
fungi but have no effect on plants and vertebrates.’® The unique mode of action coupled with excellent
activity on target and lower toxicity to non-target organisms (including many beneficial arthropods)
made these compounds a new tool for integrated pest management.’! Benzoylphenylureas have been
developed as a typical kind of chitin synthesis inhibitors since dimilin (diflubenzuron) was introduced
into market in the 1970s. The first chitin synthesis inhibitor introduced into the market as a novel
insecticide was benzoylphenylurea, diflubenzuron. It was considered a potent compound against larvae
of common cutworm, Spodoptera littoralis (Fabr.) and Cydiapomonella L. Some of the structural
modifications (derivatives) of the compound are more active than the parent compound, these prevent
the formation of chitin, a carbohydrate that is an important structural component of the insect's



M. A. Gad et al. / Current Chemistry Letters 10 (2021) 399

exoskeleton.”? When treated with one of these compounds, the insect grows normally until the time to
molt.”> When the insect molts, the exoskeleton is not properly formed and it dies. Death may be quick,
but in some insects it may take several days. As well as disrupting molting, chitin synthesis inhibitors
can kill eggs by disrupting the normal development of the embryo Chitin,>* a polysaccharide, is a very
stable major component of the insect cuticle. It is a long-chain polymer of the amino-sugar, N-acetyl-
d-glucosamine.*®> CSIs inhibit the action of chitin synthase, resulting in abnormal, malformed, new
cuticle. Consequently, the insect dies in the molt, or the abnormal cuticle causes mortality after the
molt.>

4.2 Juvenile Hormone Analogs (JHAs) and mimics.

A study extirpated the brain of a caterpillar and demonstrated that this prevented pupation; he attributed
this phenomenon to a humoral factor produced by the brain.” This discovery heralded the study of
hormonal regulation of metamorphosis in insects. Later, Wigglesworth described the secretion of a
hormone that prevents metamorphosis from a pair of glands, the corpora allata (CA) attached to the
base of the brain; he called it the *‘status quo’” or juvenile hormone (JH).® A few years later, Fukuda
described the prothoracic glands as the source of the molting hormone or ecdysone,*® which was later
characterized as a steroidal hormone.®® At this time, Williams made the now famous statement “third
generation pesticides” in describing the use of JHs as environmentally safe control agents to which the
insect will be unable to develop resistance,” the first and second generation pesticides being the
inorganic and the chlorinated hydrocarbons, respectively.

5. Advantages and disadvantages of IGRs

IGRs are usually nontoxic or slightly toxic to vertebrates. Therefore, their impact on the environment
is minimal, though they may affect beneficial insects (bees, pollinators, insect predators, and parasites
of pest) and also crustaceans and other arthropods. The selectivity of IGRs to a certain group of insects
is an environmental advantage, but disadvantage for marketing.®”> A major disadvantage is that IGRs
are effective only at special stages or instars (CSIs and ecdysteroid agonists before molt, JHAs at the
last larval instar) and do not prevent some or all damage by the larvae. The belated mortality is an
important psychological disadvantage the farmer does not see dead insects immediately and
consequently doubts the efficiency of the IGR. Outdoor stability of IGRs is usually satisfactory; if too
short, encapsulation, allowing slow release, is practiced. Environmental degradation is also satisfactory.
In contrast to some earlier beliefs, insects are able to develop resistance to IGRs. Development of new
IGRs and their approval by the authorities are costly, especially in relation to marketing limitations.
Nevertheless, new IGRs appear on the market and more effective IGRs, based on “‘anti-JH’” or “‘anti-
ecdysteroid’’ action may be developed in the future.

6. Epoxidation Methods and Processes

Poly-functional epoxy compounds are very reactive building blocks and can lead to materials by
chain-growth polymerization or cross linking with anhydrides, phenols and amines. They are generally
prepared by direct glycidylation, as shown in (Scheme 1).5%%* It consists in reacting an alcohol or amine
derivative with epichlorohydrin (ECH) in the presence of an alkylammonium halide as a phase transfer
catalyst, such as benzyltriethylammonium chloride, tetrabutylammonium bromide or cetyltrimethyl
ammonium chloride. Sometimes, epibromohydrin is used instead of its chloride analogue.®> A sodium
or potassium hydroxide post-treatment is usually applied in same pot to increase the number of epoxy
rings. In fact, the phenolic oxygen may displace the chlorine atom to directly yield the desired product
via a SN2 mechanism, or open the epoxy ring causing the formation of a chlorinated derivative that can
be closed by a strong base through a Sn1 mechanism (Scheme 2).°%” Sx1 stands for internal
Nucleophilic Substitution and is a nucleophilic substitution mechanism that implies a retention of
configuration.
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Scheme 1. Synthesis of epoxy derivatives from phenol or aniline by direct glycidylation with
epichlorohydrin.
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Scheme 2. Mechanism of coupling between phenolic compounds and epichlorohydrin (ECH) in the
presence of a phase transfer catalyst (QX).

The direct glycidylation of phenol has proven to yield several possible side products including
chlorinated and diol derivatives (Fig. 3).% Furthermore, the higher reactivity of benzoic acid may lead
to an opening of the epoxy via both carbon atoms, leading to new chlorinated (B2), diol (B3) and
oxetane ring (B1) side-products.®>’° Another important side-product observed during the glycidylation
step with epichlorohydrin is a benzodioxan derivative obtained by an intra cyclization occurring with
two phenolic groups in ortho position (Scheme 3).

To avoid these drawbacks,”! a process was developed to obtain glycidyl derivatives from phenol,
glycidol and propylene carbonate but it requires the use of high temperatures in autoclave and relatively
harsh conditions. A two-steps synthesis can also be used to form epoxy compounds: it involves the O-
or N-allylation of the corresponding alcohol or amine derivatives using an allyl halide, followed by the
oxidation of the resulting double bond (Scheme 4). Unfortunately, allyl chloride and allyl bromide are
both toxic derivatives. Moreover, hydrogen peroxide exhibitis low reactivity toward allyl ether
oxidation except at high concentrations or in the presence of metal transition catalysts.”? The use of
stronger, more toxic peracids such as (mCPBA) is sometimes considered, but it was found that found
that an excess of peracid is also required and the m-chlorobenzoic acid formed during the oxidation of
allylated gallic acid is difficult to eliminate.> The epoxidation of allyl groups by potassium
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peroxymonosulfate (also known as Oxone) can be considered a sustainable pathway. It is based on the
Shi epoxidation, which uses a fructose-derived organocatalyst with Oxone and ketones to generate in
situ dioxiranes,”® which are strong epoxidating agents. However, the epoxidation of electron-deficient
alkenes such as allyl groups by dioxiranes can be very slow.” The reaction may require the use of
ketones bearing highly electron attractive groups such as 1,1,1-trifluoroacetone to increase the overall
yield.” Enzymatic catalysts have also been developed as greener alternatives for the oxidation of
carbon-carbon double-bonds. First developed to replace the Prileshajev reaction applied at an industrial
scale to produce epoxy vegetable oils,’® one of these catalysts (immobilized lipase B from Candida
antarctica (Novozym 435)) has also been used to obtain epoxy gallic acid and vanillic acid from their
allylated precursors in high yields.”?

g7 U J
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Fig. 3. Common side-products of the direct glycidylation of phenol (A1-A3) and benzoic acid (B1-
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Scheme 3. Products obtained during the glycidylation of protocatechuic acid with epichlorohydrin.



402

l
HZOZ OR ZJ\O/OH

Rs\/A 0
X=ClI, Br
Z= Alkyl, Aromatic, ....

R1=O, R2= O. R3=O

R1 =NH § R2=CH2-CH=CH2
R3=NH-CH,-epoxy
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of the oligomers, “

Overall, the direct glycidylation remains the main synthetic pathway used for the industrial synthesis
of Diglycidyl Ether of Bisphenol A, as it allows the recovery of both monomers and oligomers for
tunable properties.”””” By reacting bisphenol A with a controlled excess of epichlorohydrin, the “taffy”
process yields either monomers or short oligomers of DGEBA (Scheme 5). To increase the chain length
advancement” (with solvent) or “fusion” (without solvent) processes can be chosen.
They both consist in reacting BPA with an excess of a pre-synthesized DGEBA monomer to extend
the chain. “Fusion” process is generally preferred for the industrial production of DGEBA oligomers
as the purification steps are easier and the chlorine content of the final product is lower than in the case

of the “taffy” process, which requires an excess of epichlorohydrin.
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Scheme 5. Two main industrial processes for the synthesis of monomers and oligomers of diglycidyl
ether of vanillyl alcohol (DGEBA): (i) the taffy process with a controlled excess of epichlorohydrin

and (ii) the advancement/fusion process using an excess of a pre-synthesized DGEBA monomer.
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7. Main Natural Sources of Aromatic Moieties

The present part will briefly summarize the main sources of aromatic moieties bearing reactive
groups suitable for the introduction of epoxy moieties. This summary will include resources naturally
containing small, phenolic compound such as eugenol extractible from plant natural oils, or
polyphenolic crosslinked polymers such as tannins and lignin that can be directly functionalized or
depolymerized into smaller molecules prior to epoxidation steps. Some information on their availability
or worldwide production will be given as well as the main known characteristics of their structure.

7.1 Lignin

Lignin is the widest distributed aromatic biopolymer and the second most abundant naturally
occurring macromolecule after cellulose, constituting from 1% to 43% by weight of the dry
lignocellulosic biomass, with a potential availability exceeding 300 billion tons.®* It is a cell-wall
component bonding cells together in the woody stems, providing them with their well-known rigidity
and impact resistance. Although its absolute structure remains unknown and varies according to the
plant it originates from and its environment, lignin is an amorphous three-dimensional polymer network
of three main methoxylated phenyl propane units (Fig. 4) with seven major linkages: -O-4 (aryl ether),
a-0-4, B-B (pinoresinol), B-5 (phenylcoumaran), B-1 (diphenylmethane), 5,5 and 4-O-5 (diphenyl ether)
linkages. It exhibits various functional groups such as aliphatic and phenolic hydroxyl, carboxylic,
carbonyl and methoxy moieties.

HO HO HO
N N =
OH OH OH
p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Fig. 4. Main aromatic subunits found in lignin.

Usually, lignin is viewed as a waste material derived from the wood pulp in the paper industry and
available in large quantity (50-70 million of tons estimated).®! Unfortunately, only 1% to 2% of overall
lignin is used for more specific applications, the remaining primarily serving as a (bio)fuel for the
cellulose extraction.?? Lignin is extracted from lignocellulosic biomass by two main categories of
processes: (i) sulfur processes yielding lignosulfate and Kraft lignin and (ii) sulfur-free processes
yielding organosolv and soda lignin. These extraction methods greatly influence the already complex
structure of the polymer, sometimes making it difficult to directly use it as a chemical precursor. For
this reason, works have been carried out to depolymerize lignin into smaller, simpler aromatic
molecules suitable for chemical modification and/or polymerization. For example, when lignin is
depolymerized, compounds such as vanillin, phenols derivatives, cresols, ferulic and coumaric acids
are released (Fig. 5). All these molecules are already oil-based but this pathway offers an interesting
solution for their renewability, thus increasing thermosets renewability.
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7.2 Tannins

Tannins are the second bio-based source of natural phenolic moieties and the third most abundant
compounds extracted from wood biomass, with 160,000 tons bio-synthesized each year.®* They can be
found mainly in the soft tissues such as wood, bark, leaves or needles of all vascular and some non-
vascular plants, in which they play a protective role against outside aggressions and in plant growth
regulation.®* Tannins are polyphenol derivatives with low molecular weights and can be divided into
three main categories: hydrolysable tannins, condensed tannins and complex tannins, the latter being a
combination of the first two (Fig. 6).
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Fig. 6: Main structures of tannins from vascular plants: hydrolysable tannins (A) and condensed
tannins (B).
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A last class of tannins, phlorotannins, can be found in non-vascular plants such as algae and are
based on polymerized phloroglucinol (1,3,5-trihydroxybenzene) with a large range of molecular
weights. They play a role similar to condensed tannins in vascular plant and can as well be divided into
categories according to the link between phloroglucinol units e.g., ether, phenyl bonds, a combination
of both, or a dibenzo-p-dioxin bond (Fig. 7).

HO HO o} OH

OHHO
OHHO HO

OH HO. OH

COH
OH

Fig. 7. Example of phlorotannins linkages with phenyl bonds (in red), ether bonds (in green) and
dibenzo-p-dioxin bond (in blue).

7.3 Cardanol

(CNSL) is a reddish-brown liquid that can be extracted from the soft honeycomb structure located
inside the cashew nut shell and constitutes from 30 to 35 wt % of it.*> With approximately 2.1 millions
of tons of cashew nuts produced every year, mainly from countries in Asia (India, Vietnam) and Africa
(Nigeria, Ivory Coast), CNSL represents an abundant non-edible by-product that has already found
various applications in coatings, laminates and adhesives to name a few.

HO 0 HO HO
HO OH
R R R
R
HO HO

Figure 8: Main phenolic constituents of cashew nut shell liquid (from left to right): cardanol,
anacardic acid, cardol and 2-methyl cardol.
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However, it also represents an interesting source of aromatic chemical building blocks. In fact,
CNSL is mainly composed of four major phenolic derivatives: anacardic acid, cardanol, cardol and 2-
methyl cardol (Fig. 8), the percentage of which depends on the extraction method. Among these,
cardanol is often regarded as the most interesting compound, as its percentage can reach 60% in some
CNSL grades. Its structure is defined as a mono-aromatic phenol substituted in meta-position by a C15
alkyl chain, on which none to three unsaturations in C8, C11 and C14 are possible. Thanks to its
hydroxyl function and carbon-carbon double bond(s), cardanol can offer various functionalization
opportunities, although its long aliphatic chain may severely impact materials in terms of thermo-
mechanical properties.

7.4 Cellulose and Hemi-Cellulose

Cellulose is the most abundant naturally occurring polymer and accounts for approximately 40—45
wt % of lignocellulosic biomass depending of wood species.®® With an annual production estimated
around 100 billion tons, it is a remarkable feedstock for the synthesis of renewable chemical building
blocks. Cellulose is a crystalline high molecular weight polysaccharide (7000 to 15,000 monomeric
units) formed of D-glucose linked by B-1,4-glycosidic bonds. The high chain organization through
hydrogen bonding provides cellulose with interesting mechanical properties as well as poor solubility
in water and various organic solvents. However, the several hydroxyl groups along its backbone make
cellulose highly hydrophilic. Although it does not exhibit an aromatic structure, aromatic building
blocks can be obtained from cellulose via depolymerization.®” Through acid hydrolysis under harsh
conditions or bacterial degradation, cellulose yields glucose that can further isomerize into fructose and
then be dehydrated into 5- hydroxymethyl-2-furfural (HMF), a furanic aldehyde.®® HMF can also be
oxidized into 2,5-furandicarboxylic acid or reduced into 2,5-furandimethanol, two symmetric di-
functional aromatic moieties.

The other main component of lignocellulosic biomass, namely hemi-cellulose, is an amorphous
polysaccharide with short chains of 500 to 3000 monomer units with acidic groups. Similarly to
cellulose, it can be depolymerized into pentose that can further be transformed into 2- furfural, 2-
furanmethanol and 2-furancarboxylic acid. However, these derivatives are mono-functional, thus
making them unsuitable for the synthesis of di-epoxy monomers, only fit for reactive diluents. It is also
worth noting that cellulose can also be degraded into other interesting, although non aromatic, building
blocks: levulinic and lactic acids.

7.5 Other Natural Sources of Aromatic Moieties

Some other abundant biomasses are potential candidate to extract or synthesize phenolic derivatives.
For example, terpenes and terpenoids can be obtained from various plants’ essential oils or as by-
products of industrial processes and are largely available at reasonable prices.®® For example, 700
millions of kg of limonene are produced annually as a side-product of orange juice production.
Terpenes form a large and diverse class of molecules based on repeating isoprene units that can be
linked head to tail or form cycloaliphatic or aromatic rings such as in a-pinene found in pines, limonene
from citrus fruits or p-cymene extracted from thyme, only to name a few. Some of them may represent
interesting candidates for the synthesis of epoxy monomers such as carvacrol, which exhibits a phenol
moiety and a carbon-carbon double bond (Scheme 6) and can be isolated from oregano and thyme
essential oils. However, not all terpenoids contain aromatic and/or phenolic moieties, but these
requirements can be reached via different synthesis steps. For example, carvacrol can be obtained from
other turpentine components such as limonene via an oxidation followed by an isomerization with
sulfated zirconia or from p-cymene by the action of concentrated sulfuric acid and sodium hydroxide.*
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1,2-limonene oxide Dihydrocarvone p-cymene

i / Q E 3 \ oH
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Carvone

Scheme 6. Synthesis of carvacrol from limonene or p-cymene.

Other phenolic compounds can be extracted from various plant essential oils such as 4-allyl-2-
methoxyphenol, commonly known as eugenol (Fig. 9), obtained from clove oil where it accounts for
80% Jamaican chili, cinnamon and bay leaves from California.’! It is a renewable resource, but it is
also considered safe, non-carcinogenic and non-mutagenic by the U.S. Food and Drug Administration
and used as a food flavoring agent. Furthermore, it exhibits several pharmacological properties such as
anesthetic, antioxidant, and antimicrobial activities. Apart from extraction, eugenol can be synthesized
by allylation of guaiacol, another bio-based phenolic derivative. The main advantage of eugenol is that
it exhibits a carbon-carbon double bond with fair reactivity and a phenolic group, thus allowing various
functionalizations.

O

HO HO

Eugenol Ferulic Acid

Fig. 9. Structures of eugenol and ferulic acid.

Lignocellulosic biomass may also contain p-coumaryl, coniferyl and sinapyl acids, depending on
the plant species, that act as crosslinkers between lignin and polysaccharides (cellulose and hemi-
cellulose) to increase the rigidity of the materials. Among these, 3- methoxy-4-hydroxycinnamic acid
(Fig. 9), also known as ferulic acid, is an abundant derivative that can be extracted in good yields from
various non-food resources such as bagasse, rice, wheat and sugar beet roots and has both a hydroxyl
group and an aliphatic carboxylic acid,” thus enabling functionalization. It also exhibits antioxidative,
anti-tumor, photoprotective and anti-hypertensive activities.
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