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Abstract

Chemistry in general, but polymer chemistry in particular has to face the major challenge of finding
solutions to ensure a sustainable and environmental-benign development of industry to answer
consumer needs. Aromatics are very important chemical groups for polymer science for the synthesis
of lots of thermostable or thermosetting polymers. However, most petrobased aromatic monomers
(such as phenol) are toxic. Finding less toxic and sustainable aromatics is not easy because natural
phenols have various functionalities in nature. In consequence aromatic-containing building blocks
must be synthesized. The present review gives an overview of the different synthetic methods to
prepare such aromatic building blocks by various coupling methods. It then focusses on the synthesis
of C-C bonds, on reductive coupling of natural aldehydes, on the carbonyl-aromatic coupling and on
other various routes to prepare monomers. Indeed, owing to the rich reactivity and properties of
aromatics, such functional monomers will undoubtedly lead to the development of high-added value

polymers. This review also gives a brief overview of such potential applications.
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[. Introduction

Recently, the replacement of petrosourced or non-renewable resources by bio-based raw materials
has become a real challenge. The excessive use of products coming from non-renewable resources
depletes the natural global supplies. That is why the development of methods involving molecules
originating from biomass has become a major challenge for the chemical, industrial, and academic
world. In fact, the interest of renewable chemistry has considerably increased recently.! Many
researchers have used biobased polymers that come from sugar (i.e. polyhydroxyalkanoate PHA,

chitin) or plants (i.e. triglycerides).

Most of the biobased molecules are extracted from plants, foodstuffs, or synthesized via a
bioprocess from microorganisms or enzymes. This natural provenance may be a problem due to the
possible fluctuation of the effective composition of the extracted molecules (mixture of molecules).
Furthermore, the low abundance of some molecules in natural substances could be a major
inconvenience during the industrialization of biobased syntheses.>* Many biobased molecules are
already used such as fatty acids, sugar or starch. However, these resources don’t bear aromatic
groups. Actually, aromatic substances are major components in the thermoset polymer chemistry
giving good thermo-mechanical properties and chemical resistance. Among all the molecules present
in nature, phenol derivatives are very abundant. Actually, many natural sources allow the extraction
of these phenol derivatives, such as cashew nut shell liquid (CNSL), lignin or palm oil. Lignin or tannin
are renewable polymers which have to be depolymerized to give monophenol monomers. Lignin,
which is a polymer extracted from wood, allows the extraction of phenol, guaiacol, vanillin, or
syringol.” CNSL allows the extraction of molecules derived from cardanol.” Finally, the degradation of
palm oil allows to obtain cresol, guaiacol, syringol, or eugenol.’ The structures of these compounds
are described in Scheme 1. These kind of structures could interestingly replace terephthalate and

paraben molecules which are - or are suspected of being - harmful for human health.
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Scheme 1: Structure of some biobased phenol and furan derivatives.

On another hand, the furanic derivatives, which are pseudo-aromatic molecules, are obtained by the
biorefining of C5 and C6 carbohydrates (fructose, sucrose, cellulose...).® This process allows furfural
and 5-hydroxymethylfurfural (HMF) to be obtained, which can be used for various reactions via their

hydroxyl groups and/or their aldehyde function (Scheme 1).%’

However, to synthesize thermoset or thermoplastic polymers, monomers which have a functionality
higher than 2 must be used. That is why, the synthesis of polyaromatic or polypseudoaromatic
molecules is crucial. Thus, coupling reactions would be beneficial in allowing the access to di- or tri-
functional monomers to obtain thermoplastic or thermoset polymers. These transformations are
difficult because of the presence of many secondary functions which are non-compatible with the
envisaged chemical reactions. Actually, these molecules derived from nature are often highly
functional due to the presence of various chemical functions in these tiny molecules (hydroxyl,
aldehyde, acid...). Thus, a wide range of coupling methods are available and involve many different
types of chemistry through the use of metallic, organometallic, or biochemical catalysts (Figure 1).%°
These molecules could be coupled via their aldehyde function by creating methylene bridges, which
can be used as spacers, after which the polymers properties can be modified. Furthermore, multi-
component reactions can also allow to obtain highly selective products from three or more reactants
making these syntheses highly convergent and thus improving atom economy. These
multicomponent reactions lead to molecules of interest for the field of green chemistry. Indeed,

these reactions can be catalyzed, catalyst could be recycled, they could be performed without



solvents or can be highly atom efficient. In consequence aromatic-containing building blocks could

also interestingly be synthesized from these multi-component reactions.
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Figure 1: Coupling methods

The polycyclic compounds are particularly interesting because they confer specific properties to
polymers such as high transition temperatures, high thermal-resistance, high Young modulus and
therefore a high stiffness. These bio-based polycyclic cross-linked or linear polymers could be used in
many applications, for health sector,'®** biofuels,”® for polyurethanes,” epoxy thermosets,®

19,20

benzoxazines,'®*® functional polymers,'®* composites,** coatings...”> A category has been dedicated

to furanic compounds as it will be discussed in the following sections.

In this review, we will only focus on aromatic compounds and on furanic compounds and especially
on their coupling reactions to form polyfunctional monomers. Due to all the work done in the
literature on phenolic and furanic derivatives, it is difficult to be fully exhaustive. This is why this
review identifies the chemical reactions that could be performed on phenolic and furanic derivatives
through a few examples and discusses their applications. Even though reviews on this topic are
present in the literature,” we identified only a few documents which are referencing the coupling
reactions of phenolic and furanic derivatives that allow the synthesis of functional monomers for
many applications. Moreover, such review papers do not discuss the green aspects of such
syntheses. However, some of coupling reactions that allow to obtain promising aromatic building
blocks are not really green but should be improved in that direction. Therefore, this review present
not only coupling reactions for the synthesis of biobased aromatic building blocks but also discuss the
green aspect, potential toxicity and impact of depicted routes. This could help to choose the best
coupling reactions in terms of environmental impact or and make decisions about the safest way to
obtain various bis- or tri-phenols. This review could also help to determine which routes are the
more interesting to improve in order to reduce environmental impacts. Thereby, the aim of the
present review is to present both fundamental and applied research pertaining to the coupling of
biobased phenols and furan and the preparation of monomers and polymers therefrom. These new
monomers and polymers exhibit also novel compositions and architectures that allow to meet

cutting-edge properties for promising applications.



[I.  Aromatic-aromatic coupling reactions by formation of C-C bond

The straight coupling of aromatics by the straight formation of an aromatic C-C bond allows to obtain
convergent building blocks using mild conditions. These coupling reactions, without spacer, were

performed by two distinct methods using chemicals or enzymes.

1. Chemical aromatic-aromatic coupling reactions

a. Oxidative coupling (C-H activation).
The oxidative coupling reactions of aromatics uses electron-rich aromatic compounds and metallic
catalysts such as copper or iron. Figure 2 shows the products that can be synthesized with these

types of reactions.
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Figure 2: Oxidative coupling reaction between two aromatic moieties and structure of the (i)-BINOL.23

One of the most famous example that uses this method is the synthesis of (+)-BINOL (Figure 2). It was
synthesized for the first time in 1873 by Von Richter, after which the racemic preparation of this
compound via an oxidative coupling was explored many times.”> A stoichiometric amount of catalyst
(FeCls) needs to be used for the synthesis of (+)-BINOL. This catalyst will oxidize the phenol group via
a single electron transfer to form an aryloxy radical. The (+)-BINOL is obtained after coupling of the
two aryloxy radicals and the loss of a hydrogen radical by oxidation with dioxygen. Since the
discovery of this synthesis, many oxidative coupling reactions with bio-based compounds have been
developed. Divanillin has been synthesized for the first time in 1885 by Ferd Tiemann using FeCl;.**
Many other syntheses, using iron derivatives as catalyst (FeCl; or FeSO,), have been developed.”*
Depending on the experimental conditions, the yields are low (47 %) or almost quantitative (95 %).
The ortho position of the phenol was the only isomer obtained. Recently, Harvey et al. have patented
the two-step synthesis of a bisphenol from vanillin. The first step consisted of the hydrogenation of
the aldehyde function using palladium on carbon as catalyst, followed by the oxidative coupling using
a high amount of ammonium permanganate (50 mol%).>*** A 50 % overall yield was obtained after a
purification using column chromatography on silica gel. These monomers were classically
transformed into cyanate compounds by reaction of cyanogen bromide on the phenol groups with a

yield of 85 % after recrystallization in acetonitrile.



Most of these reactions use a high amount of catalysts, until stoichiometric amounts. In most of the
reported examples, water was used as a solvent which is the greenest solvent that can be used.
Interestingly, the group of Neégre-Salvayre®® used a catalyst amount of iron sulfate (2 mol%) which

respects the green chemistry principles.

b. Cross-coupling (C-X)
Another widespread way to form an aromatic C-C bond is the cross-coupling reaction. This reaction
needs the use of one or several metallic catalysts and a halogenated aromatic. The first step of the
mechanism pathway is the reduction of palladium, which has an oxidation state of +2 to 0. Then, an
oxidative addition of the palladium onto the halogenated aromatic follows. According to the type of
cross-coupling reaction, a transmetalation between the palladium moiety and the other metal
(boron, tin...) could take place. Finally, a reductive elimination step is performed to give the product
of the coupling reaction and to restore the palladium to the 0 oxidation state. The Suzuki reaction®
using bio-based molecules was performed by the group of Wadgaonkar.** Cardanol was coupled to
an anisole compound, bearing a boronic acid, with an overall yield of 53 % over four steps (Figure 3).
This synthesis involves protective/deprotective steps of the phenol groups which require
purifications on silica gel. These protective steps were done to avoid the reaction of the phenol
functions during the coupling reaction but they do not respect the atom efficiency. Furthermore, all

reactions are made in hazardous solvents (DMSO, toluene...) which is a crucial parameter to improve.
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Figure 3: Synthesis of bisphenol from cardanol and anisole and the synthesis of polymers.33

This bisphenol was only used in the synthesis of poly(arylene-ethers) by condensation of the
bisphenol on fluorinated aromatics. The polymers were characterized by 'H, >C NMR, and by SEC and
the properties of the gas permeation of the polymer bearing a sulfonic group were studied and
compared to a polysulfone, which doesn’t bear an aliphatic chain. It was shown that the gas
permeation was higher when cardanol was used due to the aliphatic side chain. The differences were
low for lighter gases (He, H,) whereas it was three times higher for heavier gases such as CO, or N,.

These results were explained by the plasticization effect of pentadecyl chains.



This reaction was also applied to pyrogallol by the group of Schmidt (Figure 4).3* This methodology
allowed the synthesis of garcibiphenyl or hydroxyaucuparin, which are both phytoalexins
(antimicrobial substances synthesized by plants that accumulate rapidly in response to pathogen
infection). Microwaves were used in the synthesis with a maximum yield of 70 %. Even if chloroform,
which is a CMR solvent, is required to form the halogenated product, only a catalytic amount of NaH
was used (1 mol%). On the other hand, the second step can be regarded as green. Actually, only
water is used as a solvent and the process only involves microwaves. Moreover, the use of
microwaves is nowadays a method that is easily transferred to industrial scale. Furthermore, the

synthesized monomers are non-toxic.
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Figure 4: Synthesis of garcibiphenyl and hydroxyaucuparin.34

Syringaldehyde has also been coupled by the Heck reaction by the group of Sinha (Figure 5).%° Totally
conjugated triphenols were obtained via a domino sequence Knoevenagel-decarboxylation-Heck.
Even if the Heck reaction can be regarded as green, the main drawback of this synthesis is the use of
DMF, which is a solvent classified as CMR and should be replaced. These oligo-(p-
phenylenevinylene)s (OPVs) were synthesized for the first time in a one-pot reaction with a
moderate yield (39 %). Furthermore, the authors proved that this kind of structure was capable of
selective and visible fluoride recognition, in organic or aqueous medium, for application in organic

conducting polymers.

_0O H CHy(COOH), Pd(PPh); Piperidine

Br

HO DMF
Br Br

Figure 5: Knoevenagel-decarboxylation-Heck domino sequence.35




2. Enzymatic aromatic-aromatic coupling reactions

Enzymatic aromatic-aromatic coupling reactions have been used for many years to form bisaromatics
using an ecological catalyst. The group of Dordick used this methodology to synthesize divanillin
using peroxidase with hydrogen peroxide. They then studied all the products obtained during the
reaction of the peroxidase on vanillin."> They have shown that oligomers (dimers, trimers...) and
quinolinic derivatives were formed during the reaction and that the main product obtained was a
didemethylated tetrameric quinone. They have suggested the following mechanism (Figure 6).
However, even though the enzymatic reactions are considered as green reactions, DMF was used to
improve the solubility of the substrate and should be replaced. Actually, the major drawback of the

use of vanillin is that it is slightly soluble in water (10 g/L).
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Figure 6: Radical coupling of phenols.12

36-39

Many patents and publications discuss enzymatic bio-based bisphenol synthesis. The non-

exhaustive list of these dimers is presented in Scheme 2.
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Scheme 2: Products obtained during the enzymatic coupling of different phenols.



The group of Amarasekara has synthesized a polyvanillin from divanillin (Scheme 2-(1)), by
electrochemical reaction to form a thermoplastic polymer (Figure 7). This synthesis only involved
bio-based resources and electrolysis and therefore repects the green chemistry principles. An almost
guantitative yield of 93 % was obtained over two steps. The authors indicated that these polymers

could be used for the chelation of metal ions from aqueous solutions.
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Figure 7: Polyvanilline synthesis by electrochemistry.36

Cramail et al. studied the coupling of dimethoxy pyrogallol by an enzymatic process using laccase to
obtain a quinolinic intermediate (Scheme 2-(5)).>® This product was reduced in bisphenols using
NaBH,, then transformed in diepoxy by substitution of the chloride of the epichlorohydrin by the
hydroxyl moiety (Scheme 2-(7)).”° The first step of the synthesis only uses acetone and water as
solvents and doesn’t use hazardous compounds. However, the use of sodium borohydride should be
prohibited because it releases dihydrogen and basic borate salts. Furthermore, epichlorohydrin is a
reagent classified as CMR. This synthesis was carried out with a yield of 67 % over three steps. The
crosslinking of the diepoxy was performed using isophoronediamine (IPDA) with a molar
epoxy/amine ratio of 1. The thermo-mechanical properties of this thermoset were compared to
those of the resin coming from BADGE."' This petroleum-based monomer is one of the most widely
used commercial epoxies used in industry. However, the bio-based resin gave lower thermo-
mechanical properties than that from BADGE (T, = 126 °C vs. 152 °C and Tysy = 312 °C vs. 349 °C). This

can be due to the presence of methoxy groups, which lower the thermal properties of the material.*

Among all the industrial applications, the group of Kim prepared biopolyurethane elastomers.? First,
a Schiff base is formed by the reaction of ethanolamine onto the aldehyde function of divanillin
(Scheme 2-(1)). This diol was used as a chain extender by the addition of different ratios of the latter
(from 5 to 20 %) to an isocyanate prepolymer. They have shown that the higher the diol content, the
higher the mechanical properties, due to the presence of more hydroxyl and aromatic functions that
helped to stabilize the structure. This method has shown that partially bio-based polyurethanes can

be obtained from vanillin.



Finally, divanillin is important as a flavoring agent and antioxidant in the food, cosmetic and
pharmaceutical industry.43 It is also used in microlithography and in polymer synthesis as reported
previously.* The enzymatic and electrochemical reactions could be considered as green reactions

but depending on the monomers, more or less hazardous solvents can be needed.

IIl.  Aromatic and carbonyl derivatives coupling reactions

This is the most widely used methodology that led to greater industrial applications. To put this into
perspective, bisphenol A (BPA) was synthesized by an aromatic electrophilic substitution and it
represents 4 million tons per year in the epoxy and carbonate resins field.*® However, it is a
substance well known to be an endocrine disruptor.*® Actually, bisphenol derivatives interact with
the same receptors than natural estrogens. The presence of at least one phenol moiety and a
hydrophobic skeleton is an essential characteristic for the estrogenic activity. Studies show that the
substitution of the methyl groups of the BPA could decrease its activity. Therefore the careful

synthesis of bisphenols is of high interest to avoid the harmfulness of the obtained products.

The principle of the reaction is shown in the Figure 8. First, the phenol adds onto the carbonyl via a
Friedel-Craft reaction using an acid catalyst. A substitution step followed by water release leads to

the bisphenol moiety. In the case of the synthesis of BPA, the carbonyl used is acetone.

R OH HO OH
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R' ' cat.
R" R

R
R
R=R'=Me BPA
=R'=H BPF
R=Me, R'=Et BPB
R=Me, R'=H BFE

Figure 8: Phenol and carbonyl compounds coupling principle.

When a donating group by mesomeric effect is on the aromatic (such as phenol), ortho and para
positions are favored for the aromatic electrophilic substitution. Actually, these positions are
stabilized by conjugation of m electrons and led to a complex mixture of isomers. However, the para
position is widely favored depending on the electrophile involves in the reaction. Actually, the ortho

positions could present a high steric hindrance.*’

There are plenty of patents and publications that discuss these kinds of reactions. That is why only a
few examples will be present in the following section. Classical and bio-based carbonyl derivatives

(ketone and aldehyde) are given in Table 1.

Table 1: Classical and bio-based carbonyl derivatives.** ™
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In the following section, only reactions using biobased derivatives will be discussed.

1. Phenolic derivatives with aldehydes coupling reactions

Much work has been done with formaldehyde. Actually, this electrophile allows the easy formation
of a methylene bridge between two aromatics. Xylenol, another phenol coming from lignin, has been
coupled to formaldehyde by acidic catalysis (Scheme 3-(B)) to produce phenols.** The major
drawback of this synthesis is the use of phosphoric acid as a solvent and the use of formaldehyde
which is classified as CMR. The yield obtained after recrystallization was 88 %. These phenols were
epoxidized by a glycidylation reaction to give a diepoxy (TMBPFE), which has been cross-linked with

diaminodiphenylmethane (MDA).
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Scheme 3: Structures of thermoplastic polymers and the monomers used to synthesize thermoset materials.”>™®
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The authors have studied the effect of the methylene bridge on the thermo-mechanical properties of
the materials by comparing the previously synthesized material (from TMBPFE) to the one obtained
after the straight C-C aromatic coupling (from TMBP) (Scheme 3-(C)). The amount of each epoxy had
been varied and it was shown that the more TMBP in the mixture, the higher the T,.** The thermal
stabilities were equivalent to those without TMBP. In fact, TMBP brings stiffness to the material

thanks to the biphenyl moiety.

The group of Zhao has prepared dicarbonate monomers by an epoxidation reaction of the bisphenol
obtained from creosol and formaldehyde, and a cycloaddition of CO, onto the epoxy ring (Scheme 3-
(D)).> The use of BnEt;NCl instead of TBAB allows the diepoxy to be obtained at a high yield of 84 %
with only traces of the monoepoxy moiety. Even if the cycloaddition of carbon dioxide is a very clean
reaction which is considered as green, the use of formaldehyde in the previous steps makes limits the
environmental interest of the comprehensive monomer synthesis. Subsequently, the cyclocarbonate
monomer was used for the synthesis of linear polyhydroxyurethanes (PHUs) by reaction with
diamine hardeners (HMDA or IPDA). The thermal properties of these thermoplastic polymers were
compared to those obtained from BPA. It has been shown that the glass transition temperatures

were higher when the bio-based phenol was used.

.68 These authors have studied

The work of Meylemans can also be cited on the coupling of creoso
the catalyst used for this coupling reaction and have shown that the catalyst was involved in the
selectivity of the reaction. If a Lewis acid was used (Zn(OAc),), the ortho position was favored
because of a chelating effect between the metal, the carbonyl function, and the hydroxyl group
(Figure 9). On the contrary, the use of a Brgnsted acid favored the meta position. These monomers
were used to form polycyanurate thermoset materials. Once again, the presence of methoxy groups

reduced the thermal properties of these materials. Finally, the authors have mentioned that the

resins could eventually be recyclable with the release of phenol, CO, and NHs.

OH OH HYH
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Zn(Ac),/CH,0 gO
/ Zh-onc
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HCI or HB/HCOR O O
OH
R= -H, -CHs

Figure 9: Synthesis of bisphenols by cresol coupling in an acidic medium.>®>®
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The group of Zhao has prepared fully bio-based polyphenols from guaiacol or pyrogallol, and 4-

59,60

hydroxybenzaldehyde, vanillin, or syringaldehyde (Figure 10). It is a formaldehyde-free synthesis
and the only drawback is the use in excess of the guaiacol or the pyrogallol which can be evaporated.
The effect of the presence of methoxy groups on the monomers and material properties was widely
studied. Regarding the monomers, the presence of methoxy reduces the melting temperatures and
the conversions. These results could be explained by different manner: the steric hindrance, the
spread of the electron density over multiple sites and finally by the formation of hydrogen bonds.
After the epoxydation reaction, these monomers were cross-linked by the diethylene triamine
(DETA) to give thermosets materials derived from lignin. Furthermore, the presence of methoxy

groups have a drastic impact on the thermo-mechanical properties of the resins (Tg, T, , E'giassy and Ty

decreased).

R, OH
HO Ry O R
0
OH R,
R3\©/R4 H Rs Rs
EtOH, H O O
tOH, H,SO, HO OH

(excess) Rq Ry

Rn =H or OMe 5 - 69 %

Figure 10: Synthesis of triphenols by condensation of aldehydes onto phenol derivatives.”>®

A lot of dimers have been synthesized and then used to form thermoplastic or thermoset polymers.

Some examples of these applications are resumed in the Scheme 3.

The group of Wadgaonkar has coupled guaiacol and syringol, both originating from lignin, with
furfural to give fully bio-based bisphenols by basic catalysis.>® This synthesis is totally green. Indeed, it
is a solvent-free process, using only 5wt% of catalysis which only releases water. Yields after
precipitation ranged from 55 to 80 %. These monomers were used to synthesize polyesters by
polycondensation of the phenol moieties onto diacyl chlorides (Scheme 3-(A)). The main advantage

of these polymers is that the pendant furan groups could be easily chemically modified.

The group of Harvey has synthesized a bisphenol from carvacrol in water, a mono-terpenic phenol
coming from terebenthine and trioxane, which is an in situ source of formaldehyde.®* Only the para-
para isomer was isolated because of the steric hindrance. A linear polycarbonate was obtained by
reaction of hydroxyl groups onto the diphenylcarbonate (Scheme 3-(E)). Furthermore, a thermoset
resin was synthesized, first by transformation of the phenol groups in cyanate esters, followed by a

cyclotrimerization to create a cross-linked network (Scheme 3-(F)). They have shown that resins

13



coming from carvacrol were less likely to capture water than those from classical cyanate esters

thanks to the aliphatic substituents.

The work of Stanzione et al. should be mentioned. They have prepared phenolic derivatives bearing a
methylene bridge without using formaldehyde, which is an obvious originality.®® This synthesis was
done in bulk, with an excess of guaiacol which was removed via reduced pressure distillation.
Actually, this group has used methylols, obtained by the reduction of the aldehyde function of
vanillin, which reacted with phenols, such as guaiacol, to form a dimer (Figure 11). The bisphenol was

obtained, after evaporation of the guaiacol in excess, with a yield of 70 %.
OMe
H* HO OH
on
HO OH MeO OMe

~ 70 %

Figure 11: Synthesis of bisphenols from guaiacol and reduced vanillin.®?

The authors have noted the presence of isomers formed during the electrophilic aromatic
substitution. The major product obtained was the isomer which was in the para position of the
hydroxyl function (82 %). However, the isomers in the ortho and meta positions of the hydroxyl
function were obtained with a very low yield of 3 % for each isomer. These hydroxyl functions were
then transformed into epoxy functions, cross-linked with amicure (HDI trimer), and compared to
other resins coming from DGEVA for example. The thermo-mechanical properties of the resin coming

from guaiacol were comparable to the other resins.

A similar work have been made by the group of Epps.® They prepared ten different bisguaiacols,
starting from guaiacol and hydroxybenzylalcohol by acid catalysis (Amberlyst 15). Once again, the
phenols are used in excess and evaporated. Furthermore, the loading of catalysis is high (30 wt%) but
it can be easily removed by filtration and recycled. Then, bisguaiacols were functionalized with
glycidyl groups and cured with a diamine (MDA). Only few oligomerization was observed by "H NMR
and SEC analyses. Furthermore, the melting temperatures of epoxidized monomers can be altered
for desired applications. The thermal and thermo-mechanical properties of these thermoset
materials were compared to those of the BADGE-based materials. High thermal properties materials

were obtained (T, > 100°C, Tysy > 300°C), similar to those of a petroleum-based material.
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2. Aromatic and pseudo-aromatic derivatives with ketones coupling

reactions

a. Use of phenolic derivatives
The same methodology used for aldehyde was applied to ketones. Gross et al. have coupled phenol
to levulinic acid and obtained, after esterification, the products described in Figure 12-(2).*° The
yields of the esterification reaction were very high (from 85 to 90 %). However, this reaction required
the use of a very large excess of phenol which is classified as CMR. The bisphenols obtained were
epoxidized using epichlorohydrin which is also a compound classified as CMR and cross-linked with
IPDA. The main point of interest of this synthesis was that the obtained epoxies were liquid, due to
the presence of the ester function. Thus, the processability of the epoxy was improved. Furthermore,
depending on the substituent, the viscosity of the monomer can be controlled (792 Pa.s for OMe
against 12 Pa.s for OPent). However, these thermoset materials didn’t show improved thermo-
mechanical properties except for the Tgs, which considerably decreased when the chain length

increased (158 °C for OMe and 86 °C for OPent).

HO OH
(6]
T e Ys o'
C1sH34

CysH34

62 % over 4 steps

o @
o
O
With R= Me, Et, Bu, Pent

Figure 12: Dimers obtained from phenol and various ketones.”***

Another ketone group, prepared by the group of Wadgaonkar and synthesized from cardanol, allows
the coupling reaction of two phenol compounds (Figure 12-(1)).%* After two successive reductions of
the unsaturations of the aliphatic chain and of the aromatic, and oxidation of the secondary hydroxyl
function, the ketone was obtained. It was subsequently coupled to phenol to obtain a dimer with an
overall yield of 62 % over four steps. Even if the ketone used is fully bio-based, a large excess of

phenol is used and anhydrous hydrogen chloride gas is present in the system.
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b. Use of furanic derivatives
2-Furoic acid has been used many times to synthesize bio-based dimers. Actually, this acid, coming
from the oxidation of furfural, allows dimers to be obtained by a coupling reaction with acetone
(Figure 13).®® These diols, obtained after reduction of the ester functions, were epoxidized with an
overall yield of 40 % over four steps. This synthesis requires many steps including a protective
reaction of the carboxylic acid which does not respect the atom efficiency or the green chemistry
principles. A study was done on the photo-curing of these species and the properties of the materials
were compared to those obtained from a petrosourced adhesive (phenylglycidylether). The tensile-
shear strength of PC joints were lower for the bio-based material in comparison. The authors

explained that these results were due to the stiffness of these materials and their hydrophobic

properties.
OMe MeO

HO \ﬂ/@ HCI/MeOH @Ao Acetone C U T\ owme

| o 0O o

I \ H,S0, 0
\O T oH o 0o o/ﬁo

LiAIH, HO o { Epichlorohydrin %o o} { \
THF N N

40 % over 4 steps

Figure 13: Synthesis of diols by furoic acid and acetone coupling reaction.®®
The SIKA enterprise has prepared diamines by a coupling reaction of furfuryl amine with acetone
with a low yield (31 %).%® These diamines were cross-linked with epoxies (similar to BADGE) to form

materials with low volatile organic compounds (VOCs).

To summarize, this coupling methodology has been used extensively to prepare bisphenols and
bisfurans, largely substituted by various alkyl or alkyl ether groups, with a methylene bridge

substitute in various positions.

3. Esterification or trans-esterification reactions using enzymes

The group of Allais reported interesting enzymatic trans-esterification reactions.®’” These syntheses
totally respect green chemistry principles. Indeed, the only released product during synthesis is
ethanol. First, the unsaturation of ferulic acid is reduced by hydrogen. In fact, it has already been
shown that the presence of this unsaturation lengthens the reaction time or decreases the yields.
Furthermore, CAL-B enzyme, which is inactive towards the phenol function, allow selective
transesterification, without any by-product. Hence, the protection of these functions is not

necessary. Moreover, the authors have shown that two different transesterification procedures can
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be performed. The first one is a solvent free reaction under reduced pressure and the second one
uses hexane with azeotropic removal of ethanol. In both cases, yields are above 85 % (Figure 14).
These polyols were functionalized to give the corresponding acrylates or allyl ethers. However, no

polymers were synthesized with these monomers.

o}
OH
OMe
o}
OEt
HO Enzyme CAL-B J\/\©:OM6
OMe 75°C OH
OH
MeO
o}
o}
o)
MeO OH
e jg/\)l\o
o}
HO OMe
o}
85 - 95%

Figure 14: Transesterification reaction from hydrogenated ferulic acid.
Then, they extended their methodology to synthesize a library of saturated and unsaturated bis- and
tri-phenols derived from p-hydroxycinnamic acid.®® They have shown that these compounds are
potential antioxidants. Moreover, Gross et al. studied the biosynthesis of pentagalloylglucose to lead
to gallotannins and ellagitannins.®® The pentagalloylglucose is synthesized from gallic acid using first
the UDC-glucose to form the B-glucogallin which act as a donor-acceptor of acyl group (Figure 15).

Once again, this synthesis totally respects the green chemistry principles.

OH
HO OH
COOH
OH OH
+ UDP-glc HO o) 0] o "0
—_— =
“ubP . HO o OH pa HO OH
HO OH OH —, o
OH 4 OH HO/Q/I< o&/or@/%
o 0
HO o 0 OH
OH
OH
HO
OH
OH .J

B-Glucogallin

Figure 15: Synthesis of pentagalloylglucose.
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IV. Reductive coupling of aldehydes

The inter-aldehyde coupling, commonly named pinacol coupling, leads to the creation of a carbon-
carbon bond between two aldehydes and to the formation of vicinal diols using metallic catalysis.
These coupling reactions can be performed chemically with reactions, such as McMurry type, or

electrochemically.

1. McMurry type coupling reaction

The group of Duan has used a combination of TiCl,-Mn to generate in situ a low-valent titanium for a
cross-coupling reaction between benzaldehyde and vanillin (Figure 16:16).”° The yield of the reaction
was 64 %, after purification by column chromatography, and the enantiomeric excess was 76:24 in
favor of the erythro diastereoisomer. However, products from the homocoupling reaction have been

detected, but the proportions obtained were not discussed.
OH ‘ OH O OH
o~
+

TiCly-Mn (1:2)
B

OH
O OH
HO

Figure 16: Synthesis of vicinal diols.”

HO

Li et al. have used magnesium powder under ultrasound to obtain a vanillin dimer with a yield of 51
%, but the vanillic alcohol was also obtained with a yield of 8 %.”* This procedure is greener than the

previous one. Indeed, the catalyst is non-toxic and no solvent is needed.

The vicinal diols formed could be deoxygenated to form an alkene following the reaction described
by McMurry by a thermal effect.”” Hence, the group of Mukaiyama realized a study on various
aldehydes and ketones using a combination of zinc and TiCl,. They studied the gem diol/alkene
selectivity depending on the reaction conditions’® and have shown that the reaction temperature
had a major impact on the selectivity. In fact, the homocoupling of benzaldehyde, which was
performed in THF at 0°C, only gave the gem diol while the alkene was obtained quantitatively in

dioxane at reflux.

Finally, Harvey et al. have applied this reaction to vanillin to form bio-based bisphenols (Figure

17:17).”* Two kinds of monomers could be obtained after the transformation of the hydroxyl groups

18



into cyanate esters: one that retains the unsaturations and one that is reduced by dihydrogen. These
monomers were cross-linked by homopolymerization and the effect of the double bond on the
properties of the materials were investigated. It was shown that the thermal properties were
reduced for the material that came from the alkene monomer. It should be noted that the authors

also mentioned a patent which discussed equivalent epoxies.”

OCN
o (]
. O CNBr 0 ‘ o
- ~

‘ © NCO
HO

(0] H OH ‘ OCN
CNBr e
‘ -
SN (@)

O
o oyt S
—_—
o THF, reflux HO NCO

OH |
Figure 17: Coupling of the aldehyde function of the vanillin for the synthesis of diols.”
The McMurry reaction is a reaction allowing the obtention of vicinal diols but not owing to green
way. Indeed, stoichiometric TiCl, is needed in this reaction. This strong Lewis acid substance is

hazardous due to the release of hydrogen chloride. Greener routes to obtain vicinal diols can be

obtained by electrochemistry.

2. Electrochemical coupling

The electrochemical method, developed in 1952 by Pearl,”® is the most commonly used method and
has been applied in various domains. This methodology allows hydrovanilloine (1) to be obtained with
a yield of 80 % (Figure 18). This compound was oxidized in diketone (lII), reduced in monoketone, and

finally reduced in alkene using Raney nickel.
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OH
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0) ‘ OH
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Figure 18: Synthesis of bisphenols from vanillin using the Pearl method.”®

Formophenolic resins have been prepared by the group of Amarasekara, synthesized
electrochemically from vanillin dimer. A yield of 86 % was obtained without purification, with the
dimer being composed of 94 % of meso compound (the amount of meso compound depends on the
current density). The obtained dimer was then reacted with formaldehyde in basic medium to give
the resulting polymer resin. The authors have shown that the polymers obtained had a better quality

control possibilities in comparison to lignin-formaldehyde resins (Figure 19).”

H HO  OH HO ~ OH

NaOH —

e D) e T Qe
CH,0
HO OO OH

o HO (I)? OH
I 1

86 % - - n

HO

Figure 19: Synthesis of meso-hydroxyvanilloin-formaldehyde ponmer.77

Finally, Harvey’s group synthesized stilben derivatives from vanillin.”* They first wanted to adapt the
Pearl method, however the deoxygenation didn’t give the expected results (using PtO,) and this was
explained by the lack of solubility of the reactant. In order to improve this solubility, the tetra-acetate
was synthesized and reduced using a base and zinc (Figure 20). However, it is not really efficient in
terms of atom economy. They have shown that the deoxygenation mechanism included the
formation of an epoxy intermediate which was reduced by the zinc. The authors have noted that the
use of the coupling conditions of McMurry (TiCl,/Mg) allowed the synthesis to be straighter and to
obtain a better yield (46 % using the McMurry method against 23 % by electrochemical synthesis

over three steps.)

I

(O]

MeO > OAc OMe
O N AcO OAc

Zn
— s o
MeO OMe HO Q
OMe

o

OAc MeO 23 o over 3 steps

Figure 20: Proposed mechanism for the elimination of vicinal diols using basic catalysis.74
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V. Aldolisation/crotonisation reactions

1. Use of phenols

In 1954, Rumpel carried out an aldolisation reaction followed by a crotonisation reaction from
vanillin and cyclohexanone.” The structures obtained after these reactions are similar to those of

curcumin.

The benefits of curcumin (anti-inflammatory, antioxidant, hypotension, antibacterial, hypo-
cholesterol) have motivated the researchers to study this reaction. Vandergoot et al. have prepared,
in 1997, various compounds from vanillin or syringaldehyde (Figure 21 — (1), (2) and (3))”° with yields
varying from moderate (43 %) to quantitative depending on the substituent. These syntheses are
fully green. Indeed, the solvent used is water, which is also the only released product. These
molecules are potential analogues of curcumin. In fact, they have been tested for the inhibition of
the peroxidation of lipids. The biological activities of these molecules have shown some success but

no polymer has been described.

(0]
R2 R
N =
SACACGR
HO OH
Cyclohexanone Ry Ry
R, o
0 Cyclopentanone R, N = R,
HO{:H — U
2
H HCI HO oy @
Ri Acetone R4 Ry
HCI
(0]
R, P Ry
R = H; Ry = OMe vanillin O O @)
R; = OMe; R, = OMe syringaldehyde HO OH
R4 R1

Figure 21: Aldolisation/crotonisation reactions between vanillin or syringaldehyde and aliphatic ketones.”*®

These reactions were also studied by the group of Samui.®’ Bio-based phenols were synthesized from
vanillin or syringaldehyde with good yields from 65 to 78 % (Figure 21 — (1) and (3)). These dimers
were epoxidized and carboxylic acids with different functionalities (2 or 3) were used to open the
epoxy ring. The addition of trimesic acid on these epoxy moieties allowed cross-linked polyesters to
be obtained. On the other hand, the use of terephthalic acid allowed the synthesis of a thermoplastic
polymer. These polymers, which bear bisbenzyliden groups, can be used as photoactive liquid

crystalline polymers.
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More recently, Shibata et al. have carried out a similar synthesis using vanillin and cyclohexanone to
obtain bisphenols, which were epoxidized (DGEDVCP).®! This time, the solvent used was dioxane,
which is a CMR compound. They have been cross-linked using quercetin (QC) or novolac guaiacol
(GCN), which are bio-based crosslinking agents, and compared to materials from BADGE. The 5 %
degradation temperatures were lower for the bio-based material while the char yields were higher.

These bio-based dimers could replace the conventional petrosourced resins.

2. Use of furans
The aldol condensation has been known for a long time for producing the furan moiety. Gandini et al.
have described these works in their book on furan.” When an excess of furfural was used,
difurfuryliden derivatives were obtained (Figure 22). The latter can be polymerized, by anionic

polymerization, using a base (n-Buli, t-BuOK...) to give polymers with low molecular weight.®

H
0 Ro Rz -H,0 4 \
R—C ] ©° 7 hig : R1’©VR2 Rz/@‘R1
o NaOH g
O
acetone or
Ry =H,CH; cycloheptanone

Figure 22: Condensation reaction of furfural and various ketones.

The group of Al-Muaikel has studied the condensation of furfural with cycloheptanone.'! This dimer
was obtained with an almost quantitative yield of 95 % and was functionalized with diacyl chloride
reagents by a Friedel-Kraft reaction in order to synthesize polyketones. These polymers have shown

good thermal properties for aliphatic ketones. Furthermore, antimicrobial properties were obtained.

Similarly, Gandini et al. have carried out this kind of reaction by a condensation reaction of malonic
acid on 5-formylfurfural to give the corresponding diacid with a yield of 70 % after recrystallization
(Figure 23).%% The synthesis of this diacid is performed in pyridine which is a very harmful substance
and classified as potentially CMR. These monomers have been photopolymerized to give a

cyclobutane polymer.

o O O o
! 0 x
| o 0 HOJ\/U\OH 0 7~ OH
Y pyridine
HO 70 %

Figure 23: Synthesis of diacid by malonic condensation of 5-formy|furfura|.83

More recently, the group of Wang carried out the coupling of furfural with cyclic ketones using

various supported reagents (KF-Al,0;, K,CO3-Na,COs...) under microwave irradiation with a reaction
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time of under 5 minutes to obtain yields above 80 %.%* One of the most interesting aspect of this

work is that the catalyst can be reused. That is why this reaction can be considered as fully green.

In 2008, Dumesic et al. have studied the coupling of hydroxymethylfurfural (HMF) with various
aliphatic ketones in a biphasic medium.® Various reaction parameters have been studied such as the
acetone/HMF, NaOH/HMF ratios, or the temperatures. All of these reaction conditions have an effect

on the ratio of mono or double condensation.

The target application is biofuels from polysaccharides. Since 2008, Dumesic et al. have studied the
transformation of polysaccharides into liquid alkanes.®® Their process involved an acid catalysis as a
first step to convert the polysaccharide in HMF. A subsequent aldolisation/crotonisation reaction was
performed with aliphatic ketones, then two steps of successive hydrogenation allowed the liquid
alkanes to be obtained with a chain length of 7 to 15 carbons (Figure 24). The overall yield was 65 %

over four steps.
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— > R o R' R" —>H2 R/\/\/\ Rl/\ R"
Pd/y-Al,04 NbPOy/Pt CrCus

65 % over 4 steps

Figure 24: Synthesis of liquid alkanes.®®

More recently, the group of Zhang continued the work on the conversion of polysaccharides into
biofuel. They have transformed, in a one-pot reaction, cellulose or hemicellulose in furfurlidene by

catalysis with a metal chloride (NiCl,, CoCl,...) with a yield of 44 %."

One last work to present on this subject is the reactivity of a,-unsaturated ketones with amines and
anhydrides (Figure 25).¥” The authors have first synthesized a mono and a di-furfurylidene by
reaction of acetone on furfural. They have shown that the reaction of these monomers with amines
(diethylenetriamine) worked while the anhydride (iso-methyltetrahydrophthalic anhydride) was
inactive. Concerning the amine, the authors have demonstrated that the secondary amine added first
in the 1,4 position, then the primary amine formed a Schiff base by reacting with the resulting
carbonyl. These results allowed the calculation of the exact ratio of cross-linking agent needed to

form a resin.

23



H (O~

N
0 HN™ " NH, N

AN 2
0 R 1,4-addition N R
\ |

R=Me or dimer NH,
(ONPZ
R-NH, NH-R
amine=DETA or iso-MTHPA H
NH,

Figure 25: Addition of an amine on a a,-unsaturated ketone.”

The aldolisation/crotonisation reactions allow the easy formation of dimers in a green way
depending on the experimental conditions. Indeed, most of the time, the reactants used could be

replaced by safer compounds.

VI. Coupling of aromatic compounds by metathesis

The self-metathesis and cross-metathesis of eugenol have been studied many times by the group of
Harvey.®*® In fact, they have prepared, after metathesis and hydrogenation of the double bond,
bisphenols used to synthesize cyanate resins (Figure 26). The yield of the metathesis reaction was 93
% and the materials obtained were high performance thermosets with good thermo-mechanical
properties. Furthermore, these resins could possibly be recycled by a controlled pyrolysis process.

The metathesis reaction does not need the use of a solvent and the ruthenium catalyst could be
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Figure 26: Synthesis of cyanate ester resins from eugenol by self-metathesis.®®
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VIl. Coupling of pseudo-aromatic compounds by etherification

The OBMF (5,5’(oxy-bis(methylene))bis-2-furfural) was prepared from HMF using organic acids as
catalyst. There are various methods of synthesis of these dialdehydes but two kinds of catalyses are
predominant. The first one requires the use of organic acid and in particular, the Amberlyst 15
(Figure 27). Trabelsi et al. have shown that the addition of ultrasound significantly increased the
reaction yield with the use of dichloromethane (96 % yield).?® The only released product is water and

the catalyst can be recycled but the solvent used is dichloromethane, a CMR substance.

1\ Amberlyst-15 H}__& \/E\>\\<H
2 NN >R 0" "0

DCM 9
o) 96 %

Figure 27: Coupling of HMF for the synthesis of bismethylfurfuraldehydes oxide.”

The second one, a more recent method, involves inorganic catalysts. The group of Corma, in 2010,
has studied this etherification reaction via the use of catalysts, such as zeolite in specific solvents,
and yields of up to 99 % have been obtained.” More recently, Rode et al. have described the
etherification of HMF using a tin catalyst, montmorillonite, and apolar solvents with very good yields
of up to 98 %.%* This catalyst is particularly interesting because it contains both a Brgnsted acid
(Sn(OH),) and a Lewis acid (Sn**). The main inconvenience of this reaction is that the water has to be
continually removed from the reaction medium to achieve the best possible yield. Furthermore, the
catalyst can be recycled but this reaction has to be done in apolar solvents like 4-chlorotoluene to

allow highest conversion and regioselectvity.

VIll. Coupling of aromatic and pseudo-aromatic compounds by

formation of a Schiff base

In the 80s, Dunlop registered two patents on the coupling of the furfuryl alcohol by a Mannich-type

reaction from formaldehyde and an amine (Figure 28-(1)).”***

This reaction is a multi-component
reaction and involves the formation of an in situ Schiff base. Actually, the furfuryl alcohol is able to
add on this strong electrophilic species. In this reaction, the Schiff base was a reactive intermediate.

These patents are very short and no applications have been described.
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Figure 28: Synthesis of diols from furan derivatives by a Mannich type reaction. 7995

Recently, the group of Zhang described the synthesis of related compounds using a method which
eliminated the use of formaldehyde, a compound classified as CMR (Figure 28-(2)).%> This reaction
involved two reductive amination processes using a ruthenium catalyst. Actually, the reduction of a
first Schiff base was carried out using dihydrogen. The imine, previously formed by dehydration, was
then reduced. The yields were good (from 57 to 88 %) except when the amine function bore sterically
hindered groups, such as tert-butyl groups, or polar groups, such as hydroxyl function. This reaction
is greener than the first procedure which used formaldehyde. However, it uses dihydrogen which is

hardly usable in the industry due to hazardous handling.

The group of Amarasekara described the synthesis of divanillin by the formation of a Schiff base by
reaction of an amine on an aldehyde (Figure 29).%® This synthesis allowed the expected dimer to be
obtained in quantitative yield without purification. This reaction uses a green solvent but the amine

is highly toxic (LD50 of 177 mg.kg™).
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Figure 29: Synthesis of N,N’-bis(vanillidene)-1,3-propanediamine by formation of a Schiff base and their complexation of a
metal onto the polymer of divanilline.”®

This method was then extended to the synthesis of a polymer from a divanillin and a diamine. The
authors mentioned that this polymer could be used for metallic ions complexation (Cu®*, Fe**, Co™)

in aqueous solution.

IX. Other coupling reactions

A number of other coupling reactions were carried out using more specific methods which will be

detailed in this section.

Many coupling reactions were performed from eugenol because of its double reactivity (phenol and

allyl) which are summarized in Figure 30.”7"

Various kinds of reactions were used: (A) acylation
reaction followed by the epoxidation of the allyl function; (B) substitution reaction followed by the
epoxidation of the allyl function; (C) thiol-ene reaction followed by the glycidylation reaction of the
phenol function; (D) phosphorylation reaction followed by the epoxidation of the allyl function. All of

these monomers have been cross-linked by amine hardeners to give thermoset materials.
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Figure 30: Examples of eugenol coupling.97_101

These bio-based thermoset materials were also compared to those coming from a petrosourced
epoxy (BADGE). The thermo-mechanical properties of these bio-based resins were either improved

or similar compared to those coming from BADGE.

Another innovative coupling reaction was presented by the group of Balamurugan.’® A condensation
of hydrazine on the acid function, catalyzed by polyphosphoric acid, followed by a dehydration gave
an oxadiazole (Figure 31). Hydrazine is a CMR substance. After epoxidation of the phenol functions

and a cross-linking reaction using aromatic amines, liquid crystalline thermosets were obtained.

O PPA N-N
HO@—/{ +  HN-NH, ——— Ho—@—( )—QOH
OH o

Figure 31: Coupling of phenolic acid with hydrazine to give liquid crystalline thermosets.'”
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The group of Livant has studied the coupling of resorcinol and acetone (Figure 32).®

This reaction,
which have been done in 1982, has been studied many times (publications, patents..). A
tetrahydropyrane bearing three phenol functions has been synthesized. For this procedure, a mixture
of diethyl ether (extremely inflammable) and dichloromethane (CMR) which are harldly allowed in

industry. This compound has been epoxidized in 2007 by Cheng et al.*®

This triepoxy was cross-
linked by an aromatic amine and the materials obtained were compared to those coming from

BADGE. The thermal properties were improved for the bio-based material.

HO OH
HO OH o HO o ‘
HCI ‘
* )J\
Ether/DCM

Figure 32: Coupling reaction of resorcinol with acetone.'®

Other triphenols have been prepared using ketones that are not acetone. Using phorone in the
reaction led to a bisphenol which is a spiro compound (Figure 33). This product was obtained with a

very good yield of 95 % but no materials were further synthesized from this dimer.
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Figure 33: Synthesis of diphenols from resorcinol and phorone.10

An original Ugi reaction allowing the synthesis of bis- or triphenols has been performed by the group
of Liu (Figure 34).'® This reaction involves a carboxylic acid (gallic acid or hydroxybenzoic acid), an
aldehyde (B-resorcylaldehyde, vanillin or 4-hydroxybenzaldehyde), aniline and an isocyanide. This
reaction yields bis-amides with moderate yields between 51 and 74 %. The authors have tested their
antioxidant ability and have provided novel information on the structure-activity relationship for

antioxidant design showing that it depends strongly on the isocyanide moiety.
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Figure 34: Ugi multicomponent reaction forming bis-amides.
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X. Conclusion

The analysis of these results on the coupling of aromatic or pseudo aromatic compounds has been
the subject of many publications and patents. This review references only several examples of each
reaction, which allows for the synthesis of dimers or trimers and their applications. Some works have
been excluded even though they are relevant to the work on organic methodology because the

spacers are very large.’®

Many reactions from traditional organic chemistry have not yet been used to carry out these
coupling reactions of organic derivatives. Hence, the metathesis is reported but the Suzuki, Heck, and
Mitsunobu reactions are rarely used and remain a goal for researchers. This can be explained by the
lack of availability of some building blocks and their polyfunctionality, which complicate their
functionalization. Furthermore, only a few syntheses use a fully green process. In fact, only the
processes that involve electrochemistry or enzymes are considered fully green. This issue remains
crucial for chemical research because of the lack of petrosourced resources. Furthermore, these
coupling reactions have a great impact on the chemical stability, the thermo-mechanical properties
and the renewable carbon content of the polymer. Moreover, these coupling reactions can be used
to form polyfunctional monomers which have less toxicity. For example, the substitution of acetone
by acetaldehyde, in the BPA synthesis could lead to a monomer which have a reduced endocrine

disruptor effect.'®

However, the toxicity of most of the synthesized bis- or triphenols is usually not
discussed. Indeed, in order to propose a real comparison between BPA derivatives and those

monomers, more studies need to be performed.

Finally, all of these coupling reactions could eventually be carried out as part of a biorefinery. The
international energy agency defines a biorefinery as “an industrial unit of durable conversion of
biomass into a set of commercial products and in energy”. In other words, it must be able to
synthesize analogues of petrosourced derivatives. Many studies have recently been done,

demonstrating a major interest in a biorefinery producing phenolic derivatives from lignin.**"*%®
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