Alma Mater Studiorum i Universita di Bologna

DOTTORATO DI RICERCA IN
Chimica

Ciclo XXVII

Settore Concorsuale di afferenza: 03/C2 Chimica industriale

Settore Scientifico disciplinare: CHIM/04 Chimica industriale (prevalente),
CHIM/05 Scienza e tecnologia dei materiali polimerici

FULLY BIO-BASED EPOXY RESINS

Presentata da : Johanna Ertl

Coordinatore Dottorato Relatore

Prof. Aldo Roda Prof. Daniele Caretti

Esame finale anno 2015






Abstract

Epoxy resins are mainly produced by reacting bisphenol A with epichlorohydrin. Growing
concerns about the negative health effects of bisphenol A are urging researchers to find
alternativesn this work diphenolic acid is suggestadit defives from levulinic acidpbtained

from renewable resources. Nevertheless, ial® synthesizedrom phenol, from fossil
resourceswhich, in the current paper hdmeen substitted by planbased phenols. Two

interesting derivatives were identified: Hgnolic acid from catechol and from resorcinol.

Epichlorohydrin on the other hand higihly carcinogenic and volatile, leading to a tremendous
risk of exposure. Thus, two approaches have been investigated and compared with

epichlorohydrin.

The resultingresins have been characterized to find an appropriate application, as epoxy are
commonly used for a wide range of products, ranging fromposite materials fdvoats to
films for food cans. Sel€uring capacity was observed for the resin deriving fropheiolic

acid from catechol.

The glycidyl ether of the diphenolic acid from resorcinol, a fully renewable compound, was
cured in isothermal and nasothermal tests tracked by DSQvd aliphatic amines/ere used,
namely 1,4butanediaminend 1,6hexamehylendiaminejn order to determine the effect of
chain length on the curing of an epeamine system and determine the kinparameters. The
latter are crucial to plan any industrial ajmaition. Both diaminesdemonstrated superior
properties compared traditional bisphenol Aamine systems.
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1. Green chemistry

In view of the fast consumption of the petroleum stock and pressing demand for the use of
polymeric materials to keep pace with the rate of growth of the world'sgimmithe syntheses

of chemicalfrom bio-based products have achieved tremendous momentum at present all over
the world. Indeed, climate change and other environmental problems are urging us to develop

sustainable processes based on renewable resources.

In the recent years, dueheavy consequences of the climate change caused by our way of life,
the awareness risingthat new alternative pathways of production and consumption need to
be found. It becomes gradually clearer how our choices are not sustainable and chemistry plays
an important role in it. Indeed, nowadays, no plant grows without a fertilizer and hardly any
food is sold without using additives, or inert gases, used for transportation and storing.
Chemistry is everywhere from the food, to transportation to medi€mes, these issues are

also, to a huge extent, regarding chemistyemists, all around the world are thus searching

for better, more environmentally friendly solutions to everyday problems, to practically,
reinvent chemistry. This is when the concepiiggkenchemistrp was born and col
by the eponymous book froRaul Anasta's This book and several other works from the same
author describe the guidelines and the basic methodology to adapt production procedures and
the intrinsic properties of the products in order to make them less dangerouméorshand

the environment.

The key poing are summarized as the twelve principles of green chemistry. They are stated as

follows in the book:

1. Prevention
ltds better to prevent waste than to tre.
2. Atom Economy
Design syntheti methods to maximize the incorporation of all materials used in the
process into the final product.
3. Less Hazardous Chemical Syntheses
Design synthetic methods to use and generate substances that minimize toxicity to
human health and the environment.
4. Designing Safer Chemicals
Design chemical products to affect their desired function while minimizing their

toxicity.



5. Safer Solvents and Auxiliaries
Minimize the use of auxiliary substances wherever possible make them innocuous
when used.
6. Design for Energy Efficiency
Minimize the energy requirements of chemical processes and conduct synthetic
methods at ambient temperature and pressure if possible.
7. Use of Renewable Feedstocks
Use renewable raw material or feedstoatherwhenever practicable.
8. Reduce Derivatves
Minimize or avoid unnecessary derivatization if possible, which requires additional
reagents and generate waste.
9. Catalysis
Catalytic reagents are superior to stoichiometric reagents.
10. Design for Degradation
Design chemical products so they break dawa innocuous products that do not
persist in the environment.
11.Reakttime Analysis for Pollution Prevention
Develop analytical methodologies needed to allow fortiead, in-process
monitoring and control prior to the formation of hazardous substances.
12.Inherently Safer Chemistry for Accident PreventionChoose substances and the
form of a substance used in a chemical process to minimize the potential for chemical

accidents, including releases, explosions, and fires.

These principles are thought as guided. Indeed, when developping a new chemizalshall
not only think of the finished product but also consider the whole procetiereesagents, the
production thereof and the waste as well apimgducts. The major points being obviously
renewable feedso c k and r e ag byirespedirsy these, a deekgni cbemistry is
not that far away.

In order to have an idea of the sustainability of the process, several irglibaigx been
developed. The first wassimple count of the atom econopefined byBarry Trost as:
DEAQROATHOWMN1 £ Q6 0o
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This allowed to quickly identify wasteful reactions for example including
protection/deprotection steps. The idea is that as many atoms as possible from the reagent
should also be used in the final product.

However, this does not includease generated by solvents for reaction pudfication, as
well as catalysts. Thus, the most popular indicator is thec®r, which corresponds tthe
following:

JYE O €' i 0'Q

0QNDO e ———— ~ .
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Everything that has been put into the system or used for extracting the product has to be
considered as waste. This gives a better indication about the actual sustamfahiitgrocess.
Howe\er, it should not be overlookéhdat it does not give any indication about health hazards

or environmental impact of the waste thereby generated.

Furthermore, also the energetic efficiency is another important factor when caritige for
environmental impacA figreeno reaction should, indeed,
room temperature and atmospheric pressure. This can be induced by using catalysts to reduce
the activation energy of a reaction or by finding innovateadion systems like biphasic

react ioomast eorro fir eacti ons which often | ead to

Finally, also biotechnology is demonstrating more and more that enzyms and bacteria can carry
out some complicated reactions, usually with satisfyietfdgiand an outstanding selectivity.

2. Biomass

Over the last years, various researches allowed tdagegewide range of chemicatsainly
from cellulose, starch and oil. Still, most of the polymeric material derives from reserves of
fossils as they stay ¢hcheaper choice. By continuing the development of new polymers and
with the increase of the oil price, bimsed polymers are progressively more convenient.

When talking about biomass, the resources are not limited to cellulose but include all
carbohydrges, lignin, oilsfats and proteins as well as all substances extracted from plants, for

example flavonoids from tea.

Due to the rise of the oil price, another major issue the world is facing today is the competition
between agriculture for food produmti and harvesting for industrieBhe biomasses are thus

classified in three categorieghefirst generation biomass are deriving from cultures we would

7



as well eat. The second generation biomass uses waste products from the industrial food
production o other products. Finally, the third generation biomass has been genetically

engineered to increase the yield of the required feedstock

Furthermore, it has to be mentioned that the use of renewable feedstock does not correlate with
biodegradability. A polethylene, even if produced from plerdased ethylene, will not be
biodegradable. On the other hand, a poly(hydroxyalkanoate) is very prone for biodegradation,
independently of whether it is produced by bacteria from renewable glycerol or from fossil

feedsock. Indeed, he functional groupand not the sourdaduce the biodegradability.

Each plant contains, in their cell walls a considerable amount of cellulose and lignin, as seen in
figure 1. Depending on the final product, often only one of these isarsithe other discarded.

For example, in paper production only the cellulose is used and huge amounts of lignin are
discarded.

Cellulose

Plant cell wall .‘c‘o‘f“""‘\

Hemicelluloses
(mainly xylan)

Lignin

Figure 1: The composition of a plant cell wll

Thus,enormous amounts of these products are discarded every day and uses for them need to
be found urgently. In 2004, the US Dejpaent of energy has issued a full report about the most
interesting value added chemicalsrfr biomasg which hasbecome a refence for scientists

in the field. Starting from 300 substances of from natural resources, they identify-d2skib
molecules that are the most appropriate as platform chemicals in order to provide, deriving from
them, all chemicals needed for daily lifa the figure 2 extracted from the abovaentioned

report on the next page the diagram shows hbese twelve platform chemicals and their
derivatives could change all of the fodsdsed chemistry into green chemistry. It is intended

as an outlook foresearchers, seeking to provide a hint in a global direction.
8
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Figure 2: Flow chart of io-based products from biomass




Their research focuses mainly on sugar, as carbohydrates are by far the most widespread

category of biomass. Indeed, the 12 molecules identified are:

1.4 diacids (succinic, fumaric and malic)
2,5 furan dicarboxylic acid

3 hydroxy propionic acid
aspartic acid
glucaric acid
glutamic acid
itaconic acid
levulinic acid

3-hydroxybutyrolactone

glycerol

sorbitol

xylitol/arabinitol

In our research, we are going todgamainly on levulinic acid and glycerol.

Levulinic acid

Levulinic acid is a particularly interesting molecule thanks to its structure containing one acid
group and a ketone. Those are highly reactive groups and can potentially lead to a wide range
of derivatives. Furthermore, thanks to the two methylene groups between the carbonyls, it

readily undergoes heterocyclic reactions

O

Mo~

O

Figure 3: Structure of levulinic acid

Several approaches have been used for its synthesis but sidese¢tagpment of the Biofité

process, the production from biomass is also economically viable.

As shown in figure 3, the sugars are converted in hydroxymethylfurfurathwhi then

decarboxylated and the heterocgf@ened to yield levulinic acid.

The maximum theoretical yield is 78% w/w, as formic acid is eliminated. Reaching this yield

mainly degnds on the continuous contadflthe degradation reactions. In the Biafiprocess,

10



the yield obtained iaround70-80% of this maximum yield owing tie high efficiency of the
reactors and the use of polymerisatiombitors.

Cellulose

|

13

First Stage

“Plug Flow”

Reactor

Fast Reaction
(Seconds)

Sugars

|

Intermediates |

|

OHC /\O/I\CHzOH HME

|

Intermediates Il

Reaction

(Minutes)

J BYPRODUCTS: Tars
W - (30 wt%)
Levulinic Acid

(50wt %)

Formic Acid (20 wt %)

Second Stage
“Back Mixed”
Reactor

Figure 4: The Bofine proces$

Glycerol

Also glycerol can potentially be synthesised from carbohydiaiest mainly derives from
natural triglycerides as a fproduct in the biadieselproductio. With the rising profit of
biodiesel caused by governmental subsidizing policy, a considerable amount of glycerol

flooded the marké&t causing a substantial drop in pfitéew applications are thus to be found

urgently
(0]
R4 OH
O O p =<R
R 30 + OH
O>_ + HO Catalyst o)
o / OH
o4
R
Triglyceride Methanol Esters Glycerol

Figure 5: Production of biodiesel by transesterification of natural triglycerides

11



Glycerol reacts in a multitude of ways includingidation, direct polymerisation or

dehydration. It is also added as a pure substance into cosmetics, baking gatrdgsind

Allyl alcohol is one of its potential derivatives, which is currently obtaiinech fossilsourced
propene. Several ways exist to dehydrate glycerol in order to obtain allyl &fcatrabngst
them, the dehydration via formic attds particularly interesting because formic acid is a by

product of many reactions, as for example the synthesis of levulinic acichéesaibove.

Phenols

In addition tothese platform chemicalsleriving from carbohydrates, lignin should also be
mentioned as a feedstockndeed, many industrial processebke tobacco or cotton

manufacturingise only the cellulosic part of the biomass, discarding the lignin.

Lignin is a \aluable source of aromatic molecylediich have been entirely overlooked in the

reporP, although they are essential, especialgolymer synthesis.

Indeed, lignin is an ajomer of aromatics, containing a variable amount and type of

substituentslt can thus be decomposed by pyrolysisydrolysi* or enzymatic degradation.

The generated phenols stronglgpendn the operating conditiotts For example, in pyrolysis,
at the lower temperature the main products are guaiacol and syriiiggdle acgtthen, as
significant precursors for the formation of derivatives such as cresol and catechol type

aromatics. Also phenol is obtained at very high temperatures to a minimal extent.

Catechal i.e. 1,2dihydroxybenzenenay as well be obtained from celluloseore precisely
from glucose as described by Frost ef®AlThis synthesis uses a genetically modified strand
of Esderichia Coli to yield an excellent selectivity on theéecdol production. This new way

makes catechol particularly interesting as a potential platform compound.

Similar to catechol, hydroquinone, i.e. -ddhydroxybenzene, can be obtained by a biocatalytic
conversion of glucose via chinic atid The yield of 87% is very good for a bimsed
compound. Hydroquinone is an excellent platform chemical with a wide range of applications
for example bisphenol Aree goxy resinsin contrast to it®riginal synthesis from benzene, a
volatile carcinogenic fossil compound, glucose is neither volatile nor toxic and derives from
renewable resources. Furthermore, the enzymatic catalysis leads to bland conditions, with a
goad practicality and simplicity. If this procedure spreads, hydroquinone could become fast one

of the most important aromatic platform chemicals of the future.

12



Finally, resorcinol, i.e 1,3 dihydroxybenzenend synthesised b@xtracted from most tyge
of vegetal resins. Indeed, especiafiyArgania Spinosit is present in considerable quantitfes
It would thus provide a revalorisation of the wastes form argan oil production

3. Epoxy resins

General

Epoxy resin are thermosetting resins which means they are highly crosslinked matkisals
structure is formed by reacting one or more polyfunctional molecules, usually enhanced by heat
or UV. Highly crosslinked materials generally have good performances, with a high elastic
modulus, and excellent thermal and chemical aes# comparetb thermoplastics. These
properties derive from the crosslinking density; indeed this structure makes thermosets
insoluble and infusible. In particulap@xy resins, have a huge number of applications due to
the versatility depending on the crdsker ard filler used. Their name derives from the
epoxide groups on their pgolymer, that confers a high reactivity, allowing to use a wide range

of crosslinkers.

Nowadays, 90% of the worldwide production of epoxy resins is based on bisphenol A (BPA)
and epiblorohydrin (ECH), which form diglycidyl ether of bisphenol A (DGEBADPGEBA
mightsefc ondensate in the reactionds conditions
the ratio between BPA and ECHas typically 0 to 12 repetitive units: the-called pre-

polymer.
HOOH _ECH 2yoov& " Oﬁfo O O <5

DGEBA Pre-polymer

Figure 6: Synthesis of an epoxy ppelymemeri

In general, a liquid prpolymer, i.e with r= 0 (thus corresponding to the structure of simple
DGEBA) or is preferred as solid prepolymers with more units tend toepg viscous and
difficult to handle.

Furthermore, also epoxy resins deriving from bisphenol F or tri(hydroxyphenyl)methane are

used for some specialty applications.

The formed pepolymers are then crosslinked, generally using a crosslinking agent.

Homopdymerisation i.e. selfcuring without a hardener, is also possible in the case of a pre
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polymer with more than two epoxide groups but require the use of a catalyst to overcome the

elevated activation energy.

Crosslinking agents are a more common wagure the raa allowing also to modulate its
properties. These hardeners consigtadyfunctional molecules with more than two groups that
will react with epoxidesEpoxides are highly reactive and thus a hugralver of cosslinkers
exist, amongst whitthe most widespread aaéphatic and aromatic amines, anhydrides and
phenols. It should also be mentioned that for theppigmers with >0 the hydroxyl generated

by the epoxide ring opening, can react too, with a polyisocydioatexample.

Figure 7: Functional groups on the epoxy ppelymer

The crosslinking leads to the transformation of shorfpmigmers into a solid of, in theory,
infinite molecular weight. In the first stages, the reaction kinetics are in cheniatble
dominated by the reactivity of the functional groups but at the later stages, the short chains bond
together in longr chains with limited mobility. At this pointhe reaction becomefiffusion
controlled. When all the long chains link eachestthe molecular weight isonsidered infinite.

In general, aliphatic amines offer higher reaction rates and cure even at room temperature,
whereas aromatic amines require heat activa#dthough curing agents are typicalkged in
small quantities due tine difference in molecular eight compared to thegmtymer, they are

in most cases toxic and lead to homogeneity issues during mixing.

Bisphenol A

Bisphenol A is one of the chemicals with the highest production volume in the world. It is

manly usedn the production of polycarbonates and epoxy resins.

It is synthesised from phenol and acetone, both being from fossil resources, following the

reaction as follows:

OH
) @ +)‘L_HL w0~ <)o
= rap

Figure 8: Synthesis of bisphenol A
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Athough, this reactionseems to pertain a high atom efficiency, usually it is carried out in a
molecular ratio of 4:1 (phenol:acetone) with a continuous flow hydrochloric acid passing
through the system for the whole 8 hours of reacfidre purity is not a critical parameter

beause epoxy resins typically derive form low molecular weightpoigmersand the colour

is not particularly important. Usually, a purity of-98% are satisfactory, the remainders being

op6 amnd iosomers. This all ows ibloghywlunedleadiey at a
to a wide range of applications of the deriving thermosets as, for example, toys, pipes, water

bottles and containers, opticahes, monomers for dentae

Due to this wide range of applications of items in everyday lifeeryexonsumer in
industrialized countries is exposed to a certain amount of bisphenoldéed,it has been

found™® in all fluids of our bodies, including in fetusdsading to a range of negative health
effects?0?1222324 The most concerning is its pseddormonal effect, due to its structural
similarity with oestrogen causing issuespecially in male foetuses and babiesorder to

protect citizens from exposure and meet consumers demands, many countries have issued
policies to forbid or limit the use of bisphenolP&® As an example, FDA banned its use in

cans for infant fanula packaging in July 20£3.

Epichlorohydrin

Epichlorohydrin is amongst the most important aliphatic epoxides from a commeraiabpoi
view as it represents an excellent platform chemical for countless cheraaaions.
Epichlorohydrin isa volatile colourless liquid at room temperature. The combination of
chlorine as an excellent exiting group and an epoxide makes it extreraeliveeespeailly

with certain metals like zinc antuaninium, strong acids and bases and in general all molecules

containing hydroxyls.

Traditionally, it is produced from fossil propene in altiastep procedure includinchlorine
gas.This synthesis istill practiced today but should be considered highly dangerous due to the

hazardous reagents and the volatility and carcinogenicity of the produced epichlorohydrin.

In the recent years, combined efforts of big chemical companies led to the development of
new pahway to produce epichlorohydrfrom glycerol, conglered a waste product from their

growingbiodiesel production, needing-valorization.
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RCOOH NaOH
HO™ Y ToH A 2HOI ———= C'ﬁOHAC' ~a >

Catalyst Cl
OH 30-50:1

CI/\/\OH
Cl

Figure 9: Chemical reactions included in the G pEoces$®

As shownin figure 9, GTE (Glycerd To Epichlorohydrid®®) is aprocess using hydrogen
chloride, potentially from a waste stream, as a chlorine sotocehlorinate glycerol and
yielding a high atomic efficiencylThe subsequent elimination leads to the formation of the
epoxidic cyte. It is, thus, considered in the most recent publications as tie gmewable
glycidylation agent for bidased epoxy resinSeveral small scale production plants of around
100,000 tons /year have been built, mainly in Asia, by DOW and S¢#Bgeinl©),

However, the health concerns linkecefmchlorohydrin cannot be overlooked, even if produced
from renewable resources. Indeele tdata collected so far show that epichlorohydrin is
extremely harmful to human health and therefore far away from the concepts of sustainable
developmentlt is na only highly corrosive, toxicflammableand carcinogenibut everybody
handling it, undergoes an extremely high risk of exposure as it absorbs through the lungs, skin
and gastrointestinal tract. In particular, at room temperature, the volatilized amthantir at
atmostpheric pressure is superior to the maximum safe level for breBtiidgerse effects

range fromacute respiratory irritatiowith bleeding and severe edethto neoplasm of the

central nervous systems and lung caticer

Recent developments

The health hazards correlated to these two reagents and increassnigylbpolicy makers led

to a skyrocketing amount of alternative solutidoisthe production of epoxy resinmainly
substituting bisphenol A. Taking away projects using specialty reagents, with a low availability
and high prices, like natural vanillin deatives, themost commorapproaches are ianolor

epoxidized natural oils

Vegetable oilf¥>® naturally contain unsaturated bonds which can be dia@poxidized and
used diectly or hydrolysed after epoxidation and glycidylized using epichlorohydrin. The latter

leads to a higher crosslinking density. However, the long aliphatichi@ias work amternal
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plasticizers to the material leading to low modUhe selectivity bthese processes being very
low, naturally epokdized oils argrowinglyinteresting, as for example, vernolic acid deriving
from Vernonia Galamensi& If glycerol is used as a curing agent, these materials are even

biodegradable, owing to the formed ester bond.

Cardanol is extracted from cashew nut shell liquid, deriving from the uneatable part of the
cashew nut. Its valisation is crucial as thehell is toxic andtherwise oftern discarded in
nature. Cardanol is a phenol with a long aliphatic side chain in meta position, containing a
certain amountfaunsaturations, as seenfigure 10. These insaturations cae epoxidized and

treated in the same way than vetéails to yield epoxies.

H CisHagy = \/\/\/\/=\/=\/\ 35.1%
NANANA TN 200%
A VAV AV A A VAV AR IN

015H25'a1
Cardanol NANANANSN 27%

Figure 10: Cardanol and the typical composition of its side ch#ins

Another approactiis an Qglycidylation on the phenial moiety followed by a polymeriation

of the double bonds, leadjrto a prepolymer that carfbe cured with a hardener in the same
way as DGEBA, as seenfigure 11. However, this poxy coating is in rubbery state due to
flexible side chains ofhe cardanal Thus, a strated§is to improve the mechanical properties

by just blending a small amount of cardanol based resii®%bwt) into a commercial epoxy
material as a modifier. Indeed the resulting blends showed higher tensile strength, energy

absorption at break and water resistance compared to the unmodified resin

O

OH Epichrolohydrin [3.0 eq] o/\"—\‘ R
@ KOH [2.0 eq) @ i @T
> Tr—— o)
R DMSO R o .
R: CysH25.31
Cardanol Epoxy Cardanol (EC) EC Prepolymer (ECP)

Figure 11: Pathway from cardanol to the epegpyepolyme?’

The main issue wh both strategies is that the composition of the side chains depend on the
plant, the crop, the season and the growing conditions leading to a low predictability of the

resulting resin.
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4. Aim of the work

In the recent years, the approach to chemistry inagaimentally changed. Indeed, nowadays,

in addition to the successful synthesis of the prqdbet environmental impact, source of the
feedstock and waste management have become just as impDnmising awareness of the
negative consequences of thaditionalway of producingchemicals that we need to maintain
our modern way of life, urged scientists to investigate solutions complying with the standards
of chemistry. Also healthazardsare not only being reassessedbi.A.C.H.but, for the first

time, long-term health hazards are considered, in addition tosthertterm toxicity. The
subsequent rising awareness of the final consuhssncreasingly led to ceequences also

on policymaking, inducing partial or completeans ofcertain substancesBisphenol A is
amongsthesechemicals that have been used without concern for a long time but after finding
it in every body fluid in humans and the confirmation of itsupeehormonal effects, are

progressively banneall around the globe

One of its nain applications are epoxy resi®9% of which are composed by bisphenol A and
epichlorohydrin, cured by a hardener. Both chemicals show severe health hazards, especially
due to theseverecarcinogenicity of epichlorohydrin. Furthermore, the generatgubpnmers

require crossinkers, which are often toxic and leak from the material with time, to achieve
curing. Thus, DGEBAamine epoxy resins are clearly not adapted for modern chemistry

anymore.

Whereas thermoplastic polymers have been widely explorddsalutions from renewable
resources are starting to flood the market, thermosets remain widely unexplored. This is
surprising because they cover a huge range of applications, epoxy resins in particular. Indeed,
by varying the crosslinking density or addifillers ther properties drastically changenabling

to use them in almost anything, from adhesives to boats, from boards for electric circuits to

aluminum coatings in food cans.

The proposed alternatives are mainly epoxidized vegetablentilsh resns are in rubbery
state because they do not contain aromatic cycles that induces the rigidity. They can thus not
be used for the same high performance applications but merely added in small quantities in

traditional resins, as plasticizers.

The most invstigatedaromaticsolution so faris cardanol, which derives from the uneatable

part of the cashew nut. This molecule, too, has a long polyunsatsidéechairthat enables
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curing but alsanduces plasticizing effects. Furthermore, carcinogenic epiatnydrin is used

to generatepoxide group

In the current work, the aim is to synthesize a fulypewable epoxy resin in a lew
environmental impact pathway. Valid alternatives for the usebigphenol A and
epichlorohydrinshall be found andhe soluton shallcomply as much as possible with the
standards of green chemistijhese alternatives shall potentially derive from waste products
because producing chemicals from plants cannot be ethically sustainable, if it causes famines

of the local populatios

Obviously, theproposedsolutions should be compared to a bisphenep#chlorohydrin based
epoxy and demonstrate similar properties, to actually count as an alterfats/eieans that
the chemical tsucture necessarily contai@somaticmoieties to induce rigidity and lead to
comparable final properties.

Several natural phenols have been presented in this chapter but in order to successfully

substitute bisphenol A, the structural similarity needed to be higher. Hence, diphenolic acid was

HO™ O

investigaed.

Figure 12: Diphenolic acid

Epichlorohydrin substitutes had not been investigated so far, since finding a renewable pathway
for its synthesis from glycerplleading to its greewashing However, epichlorohydrin is
highly cardnogenic and volatile, causing increased exposure. Tieugapproaches should be

investigated in order to either substitute it with a less dangerous or a less volatile compound.

The final propertiesf the resirshall be thoroughly analysed, to alloweak comparison with
the currently used systems. Only in this way, adegagplications can be proposaad the

completely renewable epoxy resin can be used commercially.
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CHAPTER 1:

Substituting Bisphenol A:

Synthesis of natural derivativesof diphenolic acid
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1. Introduction

The first part of the work waso identify a suitablesubstitute for bisphenol .AThe roleof
bisphenolA in epoxyresinis mainly to enhance resistance and confer itigitb the final
polymer due to the aromatic ringéhe two hydroxylsire necessary foreffurther condensation
with the epoxidic moleculeThus, to replace bispheral a bibliographic research for
molecules containing two hydroxyl groups and preferabptanar cycle has been carried out.
A huge amounof researches foratural Or easily obtainable from natural resources) diols have
already been made over the last years.mbst common approach is epoxidig unsatursed

oils and then hydrolysing them

As the presence of an aromatic cycle strongbyrdaases the final properties, catechol and
resorcinol (an aromatic cycle with two phenolic hydroxyls, respectively in ortho and meta
positiong are particularly interesting as thean be synthesised from glucose present in large

guantities in some biomassste and are relatively cheap.

To create a molecule with aghier similarity to bisphened, diphenolic &id is currently
investigatedindeed it is synthesised by reacting levulinic acid, obtained from cellulegh,

two equivalents of phenol.his nmolecule is interesting due to tlecellent atom efficiency of

its productiono® 5 %. Furt her more, even the original
with oil-based reactions, and the solvent is water, the greenest solvent.

Diphenolic acid had beeoriginally used in the first epoxy resins and was later on forgotten as

it was substituted by the cheaper bisphenol A. But in the recent years major health concerns
have been raised as bisphenol A has a pskadoonal effect on the body, playing theeroff
oestrogen it can cause a severe impact on the organism, especially in males. Mir&sover

produced fran acetone and phenol, both frédassil, and thus limitedesources

The purpose of this first chaptierto study the possibility of replacinige phenol contained in
the diphenolic acid with various phenols of natural origin such as catechol, resoreamegah
and guaiacol (i.e. 1;d8ihydroxybenzene, 1,8ihydroxybenzene, -&hethylphenol and -2
methoxyplenol). As previously describethese pherls maybe obtained by depolymerization

38 or pyrolysis of lignin that would otherwise be discarded.

Catechol, guaiacol and-oresol can be obtain in various ways from lignin, which is a waste
product from Tobacco and sludge from paper produclibesghenols may in fact be obtained

by depolymerizatiod®3® or pyrolysis*® of lignin that would otherwise be discard&htechol
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may also be obtaed from glucose, as well as resorcinol. However, resorcinol mainly derives
from almost any kind of natural resins, with a particularly high conteAtgania Spinoa,'®

i.e. natural argan oil.

These diphenolic acids were syntie=sl and thaoughly analysed in order to accurately
detemine their structure. In a second step, the DPAg weacted with epichlorohydrin order

to obtain an idea about their reactivity.

2. Synthesis of the diphenolic acids

Theoretical considerations

To examine the possibility of using natural phenols instdgdssil phenol, diphenolic acids
(DPA) were synthesised with four different natural phenols, namebyresol, guaiacol,
catechol and resorcinol, in the same experimental conditions as in the originafjpatkthte
isomers were thoroughly aryakd as the position of the aromatic hydroxyl strongly affects the

properties of the final polymer.

Indeed, in order to yield a product leading t@aymer similar to the one deriving from
bisphenol A, it is essential that the hydroxyls on the aromiaticare at the outmost positions

of the DPA derivatives, i.e. in para of the attached acid chain, deriving from levulinic acid. [For
a beter understanding, in the whole thesiee denomination ortho, meta and para, will always
be used referring to thegpition of bonding of the aliphatic acid chain on the aromatic].

As the natural phenols all have two substituents, several isomers are expected, depending
the most stable positions owitgmesomeric effects, as depicted by the mechanism, shown in
figure1.1.

As a reference, the original synthesis was carried out with phenol. Considering the strong
electrondonating effect of the hydroxyl grouphe ortho and para positions aetivated
leading to three potential isomersppd DPA 6 D® A -cadnkP A.

Bearing in mind that the other phenols present two substituents, a combination of the electronic
effects can only give us a hint about the final product, as also steric effects play an important

role.
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Figure 11: Mechanism of the DP#ynthesis

Synthesis of the DPA from phenol

By carrying out the synthesis, we wanted to verify the experimesgalts of the synthesis
from 19@s and determine the present isomers, as the state of techablbgl/timemight not
have allowed an unequivocal determioat The three potential isomers, as discussed

previously, are represented in figuré.

OH OH
® & Ao
COOH COOH COOH
l ! OH O OH
OH
p-p' DPA p-o' DPA o-0' DPA

Figure 12: Potential isomers formed in the reaction between levulinic acid and phenol

H-NMR and the Nuclear Overhauser Effect (NOE), which correlates peaks avhictose in

space independently of chemical bonding, were used to thoroughly characterize the %tructure

From the'H-NMR, it is obvious that the main product is the desirgd® DP A, cled ar |
25
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by the disinctive pattern of the pair afoublets in the aromatregion (6.63 and 6.95 ppm)

since atho and meta dsubstituted benzenes display much more complex patterns. Indeed, the
o006 DPA gives 4 compl ex a-o0 mB&iAgtwodiffegentaryls , me .
group bonding to the central c ar-lydroxyppanytes 4
group and 2 doublet®f the phydroxy phenyl group.

In order to determine the source of the residual peaks in the aromatic regieen asspectrum

1.1, the NOE effect was exploited, irradiating the methyl signal at 1.45 ppm. The hypothesis
being twofold, either the presence of residual unreacted phe@ presence of other isomers,

with their methylicproton signals overlayed lifie peak of the 4p -isomer. Since the NB
effect reaches a spatial di stance oepfDPA,p t o a
the effect is expected to the doublet (d) of the ortho aromatic signal with a J coupling of 8.4 Hz.

On the contrary, intheeo 6 DP A, t he o rswquld beraadnsaghal vath sshigg n a |
coupling of around 8 Hz and a small J coupling-@fHiz. Atlast,thep 6 DPA hypot het
shows two different ortho aromatic signaksd and a dd in a 2:1 ratio. As only one doublet at

6,95 ppm, deriving fromthpp 6 i somer i s detected, this all«

selectivity d 100% towards the -p ' isomey assigning the remaining peaks to residual

T

unreacted phenol.

|

. A “\ ]

T T T T T T T T T
7.0 6.5 &.0 5.5 5.0 4.5 4.0 3.5 3.0 2.8 z.0 1.5 Ppm

Spectrum 1L: *H-NMR spectrum dDPA from genol,in DMSOd6 (TMS as reference) and NOE spectrum,
proton at 1.45%pm irradiated
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Synthesis of the DPA from {tresol (DPAM)

m-Cresol is a phenolic compound, substituted with a methyl group in meta of the hydroxyl.
Both groups have aartho/para activatingffect leading to three potential positions for the

condensation with levulinic acid, as shown in figli® Nevertheless, the position between the
S Ay
TT

Figure 1.3: m-Cresol

CHg

two groups seems improbable, because of steric hindrance. Thus, three different isomers are
expected: g 6-anesol DPA, gp 6 -cresol DPA e @ 0 -cresol DPA [referred to the position

of the hydroxyl].

At the end of the reaction, the product was purified to yield 25% of a mixture of three isomers,
which have been characterized by various NMR techniques ndi@¥R and NOE NMR.

OH OH
L COOH HO COOH < COOH
HsC H +C
NoE NOE ZC OH NOE ( OH
effect O effect O effect O
OH
p-p' isomer (1) 0-0' isomer (Il) p-o' isomer (lll)

Figure 14: Potential isomers formed in the reaction between levulinic acid ancesol

In theH-NMR, three singlets are visible in the aliphatic zone at 1.23 ppm, 1.33 ppm and 1.58
ppm and can easily be assigned to the methylpgtioled to the central quaternary carbon.
Thanks to NOEthese peaks could be accurately assigned to-thépp 6 p-®«d oi somer s,

respectively

Indeed, when irradiating the peak at 1.58 ppm in a NOE experiment, only two peaks are
observed, one at 2.1(m corresponding to a methylene group of the central aliphatic chain
and one aromatic peak at 7.34 ppm. The absence of other peaks in the aliphatic region

demonstrated that the peak at 1.58 ppm corresponds to compeaurdd-orasol (Il). As
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depicted in figire 1.4, this compound is the only isomer that does not presear@matic

methyl group close enough to the irradiated methyl, to be reached by the NOE effect.

In order to distinguish between the two structures containing at least one methyl groug,in orth
ie.thepp 6 amd@ ipsomer s, an additional NOE experi
peak at 1.33 ppm this time. The peaks observed are, in addition to the methylene of the central
aliphatic chain, a peak at 1.87 of the aromatic methyl and@nadic proton at 7.19 ppm.
Excluding the nossymmetricpo 6 i somer t hat gives t wdiondi ffer
to the aromatic methyl signahis compound was assigned to thg p -cresol isomerHence,

the singlet at 1.23 ppm correspondsitepo 6 i so.mer (I I 1)

The proportions of the three isomers are thus 47% of compound (Il), 34% of compound (I) and

19% of compand (l11), from the integrals in the aliphatic regiontoé 'H-NMR.

:J“ A

T T T T T T T T T T T T T T
70 85 80 55 50 5
heri

ical Shift (ppm)

Spectrum P: NOE spectra of atresol DPA, irradiating the protons at 1.58 (c) and 1.33(b) ppapeetively,
altogether with itdH-NMR (a) in DMS@d6 (Residual solvents are marked to avoid confusion)

Synthesis of the DPA from guaiacol (DPAG)

Guaiacol is a natural phenol, which is dedvfrom lignin by depolymerisation or by bacterial

degradation. Its extraction has been extensively sttfdid and can be obtained in very
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igreeno/ bl and r*lreet,in@yrodysis otlignin dgimtol isodtes the first

generated phend| acting as a prirsor to cresols and catechol.

Guaiacol presents a methoxy group in ortho of therdwyl and as both groups are ortho/para
orienting, all of the available positions on the aromatic ring are activated, leading to 16 potential

isomers.

However, from théH-NMR, shown in spectrum 3, the condensation on the position in ortho
of each suliguent is immediately excluded due to the absence, in the aromatic region, of peaks
with the typical multiplicity of three adjacent aromatic protonbug; three isomers have

potentially formegas shown in figure 1.5

3,79
(s, 3,79 ppm) (s,3.81) D _on,
CH OH
| 3 NOE | o
o effect
NOE CH (d)
effect J 8,4 Hz
CH (dd)
COOH COOH
(s, 1,57 ppm)
\
o] HO HO
o O
\ \
p-p' isomer m-m' isomer p-m' isomer

Figure 15: Isomers formed in the reaction between levulinic acid and guaiacol

Based on the spectrum of the previous compound, the three singlets at 1.53, 1.54 e 1.57 ppm,
are potentially assignable to the methyl groups linked to the central quaternary carbon.
Furthermore, the peaks at 3.79 and 3.81 ppm are assigned to the prthemaethoxy group

This discrepancy between the number of methyl signals and the number of methoxy signal
leaves broad space for interpretation. Indeed, thedbp a-md ms omer s woul d bo
one signal from the methoxy whereas thmp | s o uidegive twchsmnals of the same

height. Thus, either thisomer is absent or the peaks averlaid with one or both signals of

the other isomers.
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The main product with 64%f selectivitycorrespondstothepd guai ac ol DPA as
by NOE specbscopy depicted in spectrum 1.Bideed, by irradiating the major methyl proton

at 1.57 ppm the singularity of the response in the aromatic region demonstrates the symmetry
of the molecule. Furthermore, by irradiating the methoxy proton at 3.79 pprsgmmcéng, to

the methoxy group of this same molecule, a simple doublet with a coupling constant of 1.6 Hz,
typical of the aromatic coupling of protons in meta is highlighted, demonstrating that the
methoxy is inthe meta position and the structgen be #ributedtothegp 6 | s omer .

On the contrary, whenradiating the proton at 3.81 ppm, the sole adjacent aromatic has a
coupling constant of 8.4 Hz, typical of an aromatic coupling of two aromatic protons in ortho,
which is a situation presentonlyirettmoé i s omemgi aemé hewoulattc gi ve

signals, one for each aromatic cycle.

This confirms that the selectivity of the volitionappd i somer s 64% and th

presentis Mo .

Spectrum B: 1H-NMR spectrum of DPAG i@DsCN and NOE spectra of guaiacol DPi#radiating the

protons at 3.81 and 3.748pm respectively
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Synthesis of the DPA from catechol (DPAQ@paesorcinol (DPAR)

1,2-dihydroxyphenol (catechol) is equally activated in all available positions of the aromatic
ring by mesomeric effect, which are two by two equal by symmetry., faientially three
isomers are generated. Nevertheless, the aromegion of the'H-NMR demonstrates the

presence of onlyree isomer, depicted in figure 1.6a

Indeed,in spectrum 1.4the two doublets (coupling constants: 2.3 Hz and 8.4 Hz) and one
double doublet wit the same coupling constants awasily attributed tdhep-p 6i somer as
shown in figure 1.6aas a condensation in the other position, adjacent to one hydroxyl, would
generate three double doublets. The remaining peaks were assigned to unreacted catechol, by

comparison with the pure reagenhis leads usata yield of 55% of pure product

In 1,3-dihydroxyphenol (resorcinol), on the contrary, tfile@s of the two hydroxyls sump

to strongly activate the ortho positions around the substituents. However, the position between
the two substituents is poterljainhibited by steric hindrance. Indeed, based on our previous
findings and the analysis of the aromatic region oftheNMR, the presence of only one
isomer,tkepp 6 r es or ci n ormedDbytiAe chanaciessticod odndd patietoserved

in spetrum 1.5 obtaining thus, the waed compound with a yield of 83

OH OH

HO

HO

dd HO

(J:2.3 Hz) (J:8.4 Hz; 2.3 Hz)
d d dd
HO (J:8.4 Hz) (J:2.5 Hz)

(7:8.4 Hz)

(J:2.5 Hz; 8.4 Hz)

OH
OH

a) Catechol DPA b) Resorcinol DPA

Figure 16: DPA from catechol and resorcinol
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Spectrum H#: Detail of the aromatic region of the 2NMR spectrum of catechol DPA

—— Resor ci
Resor ci

Spectrum B: Detail of the aromatic region of the 2NMR spectrum of resorcinol DPA

3. Optimisation of the purification

The obtained crude products were purified following the origin@maf diphenolic acid from

phenot!, which suggest a sequence of extractions in acid and alkaline medium.

The reaction is carried out in highly acid water. By extracting in water and ethyl acetate several
times, levulinic acid, which is highly Btle in water (657/L at 25°C)* should be eliminaté

in the aqueous phase whereas phenolic compounds are expected to remain in the organic phase.
After separation, a saturated solution of sodium bicarbonate is added, deprotonating the

diphenolic acid making it thus water soluble; the phenol remaininghiyl atetate. After
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removing the organic phase, an acidification and extraction with diethyl ether allows to easily

dry off the solvent and obtain a pure product.

Considering the requirements of industry, this sequence is longish and complezdad) o

a substantial loss in product. Especially for the diphenolic acid from resorcinol and catechol
purification represents a considerable problem as the reagents do not have the same solubility
features as the original pheimaleagent and the resorcinol BBhows scaresolubility in ethyl

acetate, which leads to product crashing out during extraction and thus loss of yield.

First, we analysed all the different phases of extraction to test our assumptions. Indeed, in the
waters of the first aqueous extiiact of the DPA from phenol, the sole presence of levulinic
acid is clearly visiblen Spectrum 1.®y the presence of two triplets at 2fg8mand 2.31 ppm

and a singlet at 2.19 ppm on the-NMR.

Spectrum B: *H-NMR spectrunof the first agueous phase in@

Also the organic phase, after adding the sodium bicarbonate, shows, as predicted, the presence
of only phenol. This allows to consider that these two phases could be recycled into the process,

as the separated chemicas &éne pure reagents.

These considerations are valid for the synthesis of DPA with phenol but, as substituted natural
phenols are used, their solubilities in water change. Whereas guaiacol-arasanare
comparable with phenol with 1g/L*® and 23g/L*® against 84g/L,*® respectively, at 26C,

catechol has a solubility in water of 4§Q.%° and resorcinol even 14Q@L*".

For the latter two, it was thus considered to substitute the conpleifecation sequence by

just extracting once ia sufficient amount abrganic solvent and then washing with abundant
water to remove the residual phenols as well as levulinic acid. Hsi®funcreased interest as
these two presented the problem of substantial amounts of catechol and resorcinol remaining in

the Apurifiedo product. Il ndeed, the pKa of
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the one of phenol9(96). Thus, durig the deprotonation of the diphenolic acid with sodium

bicarbonate, they are extracted in the aqueous phase, just like the product.

This approach, of washing with distilled water until clear, worked well for catechimhwias
clearly visible on théH-NMR along with the levulinic acid and allowed complete removal and

a pure product.

For resorcinol on the other hand, the presence of a number of intermediates, along with strong
inte-molecular bonds, leading to difficulties to fully remove the residwrenol, urged us

to find a new solution. Indeed, onr&h 1.1, it is easy to observe that 65% of the present
resorcinol reacts within the first two hours, mainly generating intermediates, which then, slowly
become DPA.
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Graph 11: Compounds present versus time (frétaNMR)

Furthermore, during purification, due to hydrogen bonds and a multitude of steps,

approximatively 25% of product was lost.

FeCk is commonly used to prove the presence of phenolic compounds in sBlulids a

Lewis acid, which in water is able to form stdb complexes with certain deprotonated
phenolates, freeing a chlorine ion. This reaction usually is accompanied by a visible change in
colour from transparent to dark green, which allows to assess the presence of resorcinol and

some other phenolic compowsd
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This phenomenon was exploited to completely purify the DPAR. Indeed, when adding FeCl
to the previously dried solution in-sutanol, the resorcinol and all intermediates chelate,
whereas the DPAR remains in solution and can be extracted as a puret.prod

The amount in Fe@lvas accurately chosen to assure an excess to the resorcinol in the solution.
Thus thestoichiometric amount (1:3FeCk: nini resorcino) compared to the initial amount of
resorcinol was added. After drying the reaction mixtiineas thus solubilized in the minimum
amount of Abutanol and successively, Fe@las added. After one hour at room temperature
and one hour at 7Q, to make sure the activation energy of complexation is overcome, the
mixture is extracted with a considdle amounh of water and dichloromethané1-NMR
analysis demonstrate that only pure DP&Rresent in dichlorometharfé@nally, this phase is
washed three times with a saturated brine to remove potential reBelland then with

distilled water.Theyield of the extraction reaches 97% in this way.

We cannot overlook the fact tHe¢ Ck exhibits certain health hazards, as most Lewis acids and

is thus generally not appropriate for the uségreer chemistry However, in our case, the
aqueous phaseao be purified by adding NaCl, hence, safely regenerating Fe€k.
Furthermore, the remaining aqueous phase contains only resorcinol and intermediates and can
potentially be reintegrated into thext reactiorbatch, furtherncreasing atom efficiency his

is thus the ideal purification for the DPAR.

4. Reactivity tests with@chlorohydrin

After the synthesis andharacterization of the fully natural diphenolic acids, testing the
similarity with bisphenol A was a major scope. Although the aim of this watldes also the
substitution of epichlorohydrin, a carcinogen, tests were carried out with the latter to assess the

etherification reaction in comparison with bisphenol A.

OH

+ Cl
‘ DGEBA

OH

Figure 1.7 Reaction scheme of the glycidylation of bisphenol A with epidmoirin

On the contrary of bisphenol &e natural diphenolic acids contain severaissituents on the

aromatic ringwhich, by their electronic and steric effects, inhibit or activate the etherification
35



of the aromatic hydroxylg=urthermore, certain dipgholic acid derivatives, namely guaiacol
DPA and mcresol DPA, are a mixture of several isomers, making characterization complex.
Finally, the outcome of the reaction between epichlorohydrin and bisphenol A strongly depends
on the reaction conditions ramgj from a barely glycidylized bisphenol A to a ym@ymeric

chain with 10 or more repetitive units. Thus, we carried out two different glycidylations: one in
rather bland conditions and the other one following the method of St!Ckar comparison,

also bisphenol A was reacted in the same conditions as a reference.

First, the reaction was carried out with bisphenol A. The reaction takes place mainly at room
temperature and 80 in alkaline water. At the end of the reiact, the product is a white rubbery

compound, insoluble in water.

As the reaction is carried out in highly dike water, and epichlorohydrireadily hydrolises,
especially at high temperatures, we can assume that all the epichianolvgs degraded.
Indeed, epichlorohydrin has a héife of 62 hours in alkaline mediuthand the velocity of
hydrolysis increases sewold at only 40C. As the reactiomixture was maintained &0°C

for one hour and the NMR analysis was carried out 24 hours after the reaction, we can safely
assume, that only a negligible amount of epichlorohydrin is present and that all the peaks in the
epoxidic area can be assignedjtygcidylized products. This was confirmed by the presence of
several large muiltlets at 3.4 and 4 ppm in thid-NMR spectrum of the aqueous phase, which
were assigned to glycerol, the degradation product of epichlorohydrin. These peaks were also

presentm the organic phase, small extent.

Considering the complex characterisation and the fact that the products are mixtures-pf mono
di-, tri- (tetra and pentafor DPAR and DPAC)glycidylized DPA derivatives as well as
potentially dimers and oligomers#, was nonressential to separate all the products, and
determine their precise structure. The important information is the percentage of the present
hydroxyls on the molecule that had undergone glycidylation. In fact, in industry, for epoxy
resins, the ciracteristic value is the epoxy equivalent weight (EEW), which corresponds to the
weight of resin containing one mole of epoxide groups, independently of the composition of
the single molecules. The epoxy equivalent weight is commonly determined bgrtibvatican
also bein a precise way, be found By-NMR °%, by comparing the integrals of the peaks in
the epoxidic region (2:3 ppm) with the ones in the aromat&gion. This method is more
precise as residual salts from the etherification reactions are not mistakenly included, but
requires the knowledge of the reollar mass of the product. Thus, in our case, we decided to
compare the percentages of glycidylized hydroxyls and determine the EEW, assuming that no
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dimerisation and oligomerisation had occurred, for information. In some cases, the
differentiation betwee t he ext er nal epoxidic methylene a
of the epoxide was difficult due to superposition of several peaks. These issues were solved
thanks to selectively irradiating certain peaks in a NOE experiment allowing to eagjhjiragsi

certain peaks in case of doubt.

Furthermore, due to a huge number of peaks in the area, it was preferred to verify the success
of the reaction by DERNMR, which allows to easily assign primary, secondary and tertiary
carbons. The presence of twogatve methylene signals between 40 and 80 ppm, as for
example at 44 and 69 ppm for the glycidylized resorcinol DPA, one assigned to the epoxidi
methylene and one to timeethyleneadjacent to the aryl etheare a clear sign that the product

is an etheried DPA.

As seen in table 1,1the yields of glycidylation of guaiacol, catechol and resorcinol were
comparable to the ones obtained with bisphenol A in the same conditions, namely 32% of

hydroxylsglycidylized

Table 11 : Percentage of hydroxyls glycidylized in the bland conditions

PERCENTAGE
PHENOLIC HYDROXYLS
REAGENT EEW (g/mol)
GLYCIDYLIZED (%)
m-Cresol 16 710
Guaiacol 63 239
Catechol 36 233
Resorcinol 30 404

The second glycidylation was carried out in conditions cléseindustrial production, by
following the method of St. Clair. The ratio between epichlorohydrin and DPA derivative is in
large excess of epichlorohydrin (31 ECH: neqOH), which also works as theastion medium.

The temperature dfOCC for onehour strongly increases the reaction kinetics, leading to all
kind of the above stated products and also a certain amount of dimers or oligomers, which were

not generated in the bland conditions.
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Table 12 : Percentage of hydroxyls glgylized with the second method

PERCENTAGE
PHENOLIC HYDROXYLS
REAGENT EEW (g/mol)
GLYCIDYLIZED (%)
m-Cresol 49 269
Guaiacol 70 220
Catechol 59 163
Resorcinol 54 174

In comparison with the percentage89% yielded with bisphenol Aall of these vales seem

low, but it should not be forgotten that the DPA from catechol and resorcinol present five
reactive hydroxyls whereas bisphenol A contains only two. By comparing the EEW, it is clear
that the resorcinol DPA has exbcthe same EEW (174 g/mol) dsetbest grade of industrial

diglycidyl ether of bisphenol A whereas catechol has even more available reactive groups.

Thus these two seem the most interesting for substituting bispléenol
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5. Experimental

General

All reagents and solvents were purchagedfSigmaAldrich andused without purification.

The reaction products were analysed By-NMR and *C-NMR spectra as well as
bidimensional spectracquired on Varian spectrometers, namely Vdiigdae mi n iVariar0 0 o ,
AMercury 4080 @hudo eaing&G03® MHa, 400 MHz and 600 MHz,
respectively Samples were prepared in apmiiate deuterated solvents ahd chemical shifts

were calibrated to the internal TMS added as referefois statement is valid for all the

experimental work done fohis thesis.

Synthesis of diphenolic acid derivatives

General procedure

Into a 100mL threenecked round bottom flask provided with a magnetic stirrer, a reflux
condenser and a thermometer was introduced 7.2 mL (0.085mol) of levulini®.adichol of
thedesired phenol (phenol,-oresol, guaiacol, resorcinol or catechol), 18 mL of hydrochloric

acid (37%) and 13 mbf distilled water. The mixtureeacted at 8®5 °C for 48 hours. It was

then extracted with ethyl acetate. Then a solution of sodium bicagowaatadded and washed

with several times with ethyl acetate until the latter was clear. The agueous phase was
neutralized using a 10% wt solution of hydrochloric acid and finally extracted with diethyl
ether. The analysis were carried out after evaparatiohe solvent under reduced pressure. In

the case of the presence of more than one isomer, only the chemical shifts-pféhe 8 o me r s

are stated, as these isomers are the only potentially substituting DPA.

4 4-bis(4-hydroxyphenyl)pentanoic acid

The reaction was carried out in the above mentioned conditions usingy 1d.phenol and

yielded 57% of pure product.

IH-NMR (400 MHz, in DMSO-d6) , i (ppm): 1.45( s, 34l,, T1CHR 0 )2,19 2 H,
(t, 241);6.68 @ci4H, AH): 6.95 (dd, 4H,AH)
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4 4-bis(4-hydroxy2-methylphenyl)pentanoic acid

The reaction was carried out in the abowventioned conditions using 18 mL oferesol and
yielded 25% of a mix of three isomers of which 34% corresponds to the -@tatesl p

poéi somer .

IH-NMR (400 MHz, in DMSO-ds) ,Gi(ppm): 1 . 58 ( s3) ;3 R, 1I0CKImM2252H, 1 C
(m, 2H) ;7T QH26 (9 674qd12H, MH),6.G3Hdd, 2H, AH); 7.34 (d, 2H,
Ar-H)

4 4-bis(4-hydroxy3-methoxyphenyl)pentanoic acid

The reaction was carried out in the aboventioned conditions using 18.5 mL of guaiacol and
yielded 19% of a mix of two isomers, of which 64% correspondtothe adiatedpp 6 | s o mer .

1H-NMR (600 MHz, in CDsCN), t(ppm): 1 . 57 (s 3) ;3 R,. O17CHImR182 H, 1 C
(m, 2H),;TGH79 ( sg,6.58d,2H,AH); 656 (dd, 2H, AH); 6.79 (d, 2H,
Ar-H)

4 4-his(3,4dihydroxyphenyl)pentanoic acid

The reaction was carried out in the above mentioned ¢onslitvith 18.5 g of catechol. After
48 hours the yield obtained was 70%. The yield of the purified product (I) was 55%.

'H-NMR (400 MHz, in DMSO-de) ,U(ppm): 1. 38 ( s3) ;3H, 92CH)X2122H,
(t, 24),; T6€H43 (dd, 2HAr iAH)I;H)6. 61 4(8d,( d2H,2 HAr T }

-
-~

4 4-bis(2,4dihydroxyphenyl)pentanoic acid

The reaction was carried out in the above mentioned conditions usingydfdésorcinol, Afer

purification the yield was 88 of pure product.

'H-NMR (400 MHz, in DMSO-ds) , U (ppm): 1. 53 ( s3 ;3 H, 610CH )X 2.002H,
(t, 2#),; 1T€€H53 (d, 2H, AriH); 6.51 (dd, 2H, A

-
-~

Svynthesis of the glycidyl ethers

Glycidyl ethers have been preparedwo different ways from all the diphenolroducts and
from bisphenol A for comparison. The percentage of glycidylized hydroxyles is calculated from
the IHNMR spectra by comparison between the integral of the aromatic protons and the

charateristic signals of the methylengrotons of the epoxide group.
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First preparation of the glycidyl ethers

In a 100mL oneneck round bottom flask, diphenolic daierivatives or bisphenol A were
solubilized in ethanol with 1,1 equivalent for each hydroxyle of potassium hydroxide at room

temperature. The salts were dried uneeluced pressure for 3 hours at@0

Thereafter, the latter were transferred in a thmeek round bottom flask fitted with a
thermometer and a reflux condenser and 2,2 equivalent of epichlorohydrin for each hydroxyle
were added. Solvent was water. Teaction mixture was maintained for 30 minutes at room
temperature, then heated to 50°C for 1 hour and finally reached 80°C for 10 minutes. After
letting it cool to room temperature the product is insoluble in the reaction mixture and is thus
filtered and washed with distilled water. Remaining solvents and unreacted epichlorohydrin
were evaporated under reduced pressure for several ltosineuld be noticed, though, that

this purification does not completely remove glycerol, a hydrolysis product of@bidrin.

As its peaks do not interfere with the analysis of the products, which only requires the integrals
in the aromatic and epoxidic region, no attemps of further purification were made. However,
the peaks of glycerol are partially overlaid on thee® of the methylenes adjacent to the

epoxides, which will thus, for accuracy reasons, not be stated in the following section.

Glycidyl ether of diphenolic acid from phenol

The glycidyl ether is soluble in water, with a bright orange color. 25% ofiytieoxyls are

glycidylized.

IH-NMR (600 MHz, in D20), ti (ppm): 145 (s, 2380 {({E€H 2HI9ERAGH2T ) ;

T1CHJl ); 2.63 dd, 4H , T E poy 2.811(2dd, 2H, esterE p 0 x 3);13#H8 (m, 3H, H-
Epoxy) 3.5-4.5 (m,6H, OT%LiEpdxy); 6.63(d 4 H, AF@HYAH,6 Ar1 H)

Glycidyl ether of diphenoliacid from mcresol

The glycidyl ether is soluble in water and dark brown in color. 16% of the hydroxyls are

glycidylized.

IH-NMR (400 MHz, in DMSO-ds), i (ppm): 1.58 (s, 3HT C#; 210(m, 2 H 1 ); RASH
(M 2H,7):R2CHB6 (s, 26283 QddeH, &FE p o x ;1288 (2dd, 4H,
ethef Ep o x »;13.B4 (m, 3H, H-Epoxy); 3.5- 4.5 (m, 61, O Epbky); 6.74 (d, 2H,
AriH®3 6dd, 23H4 (Ad,Jj HIH, 7Ar i H)
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Glycidyl ether of diphenolic acid from guaiacol

The glycidyl ether is a dark green slthat is soluble in water. 63% of the hydroxyls are
glycidylized.

IH-NMR (600 MHz, in DMSO-de), Ui (ppm): 1.5 7 (s, 3287 (M1 CQHH 21); RABH

(m, 2 Hpr); 2B3Kdd,2H, estei E p 0 x ;2. F (2dd, H, ethei E p 0 x 3;B.2b(m,

3H, H-Epoxy);3.79(s,6H, Ar-OCHg); 3.5-4.5(m, 641, OJiEpbky);653 (d, 2H, Ar]
656 (dd, 2H9 Ad,J HIH, 6Ar 1T H)

Glycidyl ether of diphenolic acid from catechol
The glycidyl ether of DPAGs a dark green solid in which 36% of thgdroxyls are

glycidylized.

'H-NMR (600 MHz, in DMSO-de), U (ppm): 1.3 8 (s, 33192 ( 1T €H J); 212H

(t, 2 H 21); R.65H2dd, M, esteri Ep 0 x2)y 2.78 (m, 8H,ethel E p 0 x ;1326 (m,

5 H, -Epoky); 3.86- 4.29 (m, 1™, OJi Epbixy); 643 (dd, H , Ar 1 HM,;2H,6 . 48
ArTHp1 6d, 2H, Ar1H).

Glycidyl ether of diphenolic acid from resorcinol

The glycidyl ether of DPARs a dark brown sal in which 30% of the hydroxgl are
glycidylized.

H-NMR (600 MHz, in DMSO-de), Ui (ppm): 1.5 3 (s, 3);3118Q (t, ZHT K H); 2.00

(t, 22);279 (2dd, 2Hestei E p o x 3); 2.8l (m, 8Hethef E p 0 x 3);B.29 (M, tH,

TH-Epoxy); 384-4.34 (m, 1, OZ2iEpdxy);653 (d, 25,1 ArdidH) ;2HG Ar
722 (d, 2H, Ari1H).

Glycidylation of bisphenol A

The product ofthe reaction is a white rubbike sold in which 32% of the hydroxgl are

glycidylized.
H-NMR (600 MHz, in DMSO-de), G (ppm): 16 2 (s, 3)6H,2 .177GBH ( 2H, T Epox
(2H, TEpoxyTl H'-Epoxy)3378 @&d, H2 H,OR Egdxy); 4.24 (dd, B,

OT C®iEpoxy);6. 81 (dd, 144H,( dAdr,T HOH, 7Ar 1 H) .
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Second preparation of the glycidyl ethers

Generalprocedure

In a 50mL threenecked round bottom flask fitted with a thermometer andlaxreondenser,

the diphenolic acid derivatives bisphenbA were heated to 10C with 5 molar equivalents

of epichlorohydrinper hydroxyl 0,05 equivalemstof benzyltriethylammonium chloridper
hydroxyl were solubilized in a minimum of water and added using a dropping funnel (in order
to avoid contact with valile and carcinogenic epichlorohydrin). The mixtwas maintained
under stirringat 100C for one hour. Four equivalents per hyxlyl of sodium hydroxide were
solubilized in water to obtaim solution at 20% wt and another 0,88qg/hydroxyl of
benzyltrighylammonium chloride were added. Using a dropping funnel, this solution was

slowly introduced into the reaction mixture.

The emulsion formed was cooled to room temperature under continuous stirring. Distilled water
was added and the result extracted &tmith ethyl acetate. The solvent and remaining volatile
reagents were evaporated under reduced pressure. The products adikbdiggyds. ThetH-

NMR clearly shows the presence of condensation products that were removed by filtration of

the mixture peviously solubilized in acetonitrile.

Glycidyl ether of the DPAR
From the'H-NMR, 54% of the hydroxyles are glycidylized (Chemical shifts as reported above).

Glycidyl ether of the DPAC
From the'H-NMR, 59% of the hydroxyles are glycidylized (Chemicaiftshas reported above).

Glycidyl ether of the DPAG
From the'H-NMR, 70% of the hydroxyles are glycidylized (Chemical shifts as reported above).

Glycidyl ether of the DPAM
From thetH-NMR, 49 of the hydroxyles are glycidylized (Chemical shifts as redateve).

Glycidyl ether of bisphenol A

From the'H-NMR, 8%% of the hydroxyles are glycidylized (Chemical shifts as reported above).
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6. Conclusions

Several natural phenols were reacted with levulinic acid to evaluate their potential for
substituting pheol in the synthesis of diphenolic acid, which couélentually, replace

bisphenol A. In each case the selectivity towards the isomer with both aromatic hydroxyls in
para of the position of condensationacdbei ng
was determined by various NMR techniques, leading to the results stated in3aBlely the

catechol and resorcinol derivative reach a sufficient yield to be comparable with phenol as a
reagent, both also having the advantage of presenting onigamer. The highest yields are
obtained with resorcinol, with two hydroxyl s
acid and the other two hydroxyls expected to bengy inhibited by steric himdnce. Its

reactivity should thus bersilar tothe one of diphenoliacid and finally, bisphenol A.

Table 13: Yields and selectivies of the DPA from different phenolic reagents

PHENOLIC SELECTIVITY FIRST SECOND
YIELD ISOMERS

REAGENT PP | ScGLYCIDYLATION GLYCIDYLATION
Phenol 57% p-p 6 100%

m-Cresol 25% p-p 00 Oep ( 34% 16% 4%
Guaiacol 19% p-p 640 60 64% 63% 70%
Catechol 55% p-p 6 100% 36% 59%

Resorcinol  83% p-p O 100% 30% 54%

Considering the low yields in the synthesis and glycidylation, for guaiacol aockai

respectively, we decided to focus on diphenolic acid derivatives from catechol and resorcinol.

These compounds also present the advantage of having five potentiallyergaotipswhich
allows to potentially avoid the use of crosslinking agentd.at al
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CHAP. 2:

Substituting Epichlorohydrin: Two approaches
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1. Introduction

Substantial efforts have been made in recent years to produce epichlorohydrin from biomass,
namely glycerol, deriving from the growing biioel productiod®!° | also due to increasingly
competitive pricing. Amongst them, Dow Chemicals published ak3i¥odescribing a
sustainable process for producing epichlorohydrin through the GGBcdrol To
Epichlorohydrirt®) process using hydrogen chloride, potentially from a waste stream, as a
chlorine source, and yielding a high atomic efficiency. thss, considered in the most recent
publications as the g renewable glycidylation agent for bimsed epoxy resins. However,

the issue of theeverecarcinogenicity of epichlorohydrin remains. The easiness of exposure
combined with its high reactivitys all small epoxide molecules, make it extremely dangerous

to handle, store and use. Epichlorohydrin is readily absorbed by the skin and excessive vapour
concentrations are attained even at room temperature. Indeed, at 25°C, its vapour pressure is
2,27 kPa which corresponds to 22 000 ppm by vol#fm@onsidering the fact that the one hour
LC-50 for rats is 3615 ppm for male and 2165 ppm for female, it is clear that this exposure will

lead to longterm systemic effects.

These effects have been extensively studied and rangekidmeny?2 and liver injury to lung
oedema and lung cancer, due to prolonged exposure. One particularly interesting study by
Barbone et AP2 depicts the health effects epichlorohydrin in a redife situation: an epoxy

resin production plant. This study demonstrates a link between epichlorohydrin androeg

in workers. Furthermore, a link between epichlorohydrin and tumours of the central nervous

system was found.

In the USA, the Occupational Safety and Health Administration (OSHA) classifies it as a
potential carcinogen and also in Europe, the DengeSubstances Directive 67/548/PE@s
updated for the REACH directivestates epichimhydrin as a Carcinogen class 1B
(carcinogenic in animals) bu a drdessubstance should be regarded as if it is carcinogenic

to man. There is sufficient evidence to provide a strong presumption that human exposure to

the substance may result in the development of canter

The data collected so far on its acuteidity and the longerm effects, show it is extremely
harmful to human health and therefore far away from the concepts of sustainable development.
The incredible likelihood of exposure, as i# rapidly absorbed through the skin, the
gastrointestinal tra@nd due to its high volatility through the lungs, only increases the potential

risk and can cause adverse effects ranging from acute respiratory irritation with bleeding and
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severe edema to neoplasm of the central nervous systems and lung It@ngshad to be

substituted by a safer molecule.

Two different pathways of epichlorohydrin substitution are presented, the first completely
avoids the use of a highly reactive eposidiéereas the second aims to obtain glycidyl tosylate
from glycerol and tosythloride.

2. Allylation T Epoxidation

Approach

Although the approach is obvious, theallylation should be reconsidered because it avoids

the presence of small carcinogenic epoxide molecules. Furthermore, the studied procedure
allows the Qallylation with a low environmentaimpact from renewable resources with no
need of rare transition metals. Thisallylation has been studied using simple phenolic
compounds, which are representative for the chosen diphenolic acids and bisphenel A. 1,2
dihydroxybenzendcatechol), 1,3lihydroxybenzene (resorcinol) and Héhydroxybenzene
(hydroquinone) could potentially be obtained from biomass and could thus also be directly used
in other types of epoxy resins. I ndeed, hydr
the corresponding resins had been previously stéidiad are described as yielding analogous
properties to a bisphenol A resin. After, the study was extended to catechol and resorcinol. The
three dihydroxybenzenes are pyrolysis/extraction proddets® of lingo-cellulosic materials

or biomass.

The allylation was carried out using allyl chloride, which can easily be obtained from glycerol
via allyl alcohot®>”®® and the resulting precursors can lead to diepoxides, venéidentical

to the epichlorohydrin based ondédlyl chloride is not a completely innocuous reagent, but it

is far less reactive and thus harmful than epichlorohydrin. Furthermore, the experimental
procedure allows full regeneration of the residuall alhjoride, avoiding chlorinatedaste
generation. Allyl chloride was reacted with the natural phenols in a biphasic system. This
ensured a very low environmental impact as it allows to use only water as 6fénteed,

the organic phase consisted merely in allyl chloride and the formed product. The aqueous phase
contains, at the end of the reacti only water, sodium hydroxide in barely changed
concentration, unreacted phenolic reagents and the phase transfer catalyst. It could thus be

recycled back into the process after separating the organic phase and without any further
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purification. Thereaci onds conditi ons were purposely ke
pressure, for a maximum energy efficiency. The ontpimduct in the aqueous phase is sodium
chloride. Only the phase transfer catalyst, tetrabutylammonium hydrogen sulfate (TBAHS),
chosen for cost reasons, could be considered environmentally problematic as all tensioactives,
but recent works on biodegradation of quaternary ammoniuni’daiige shown that these are

probably the most ecological of aflitsioactives.

O-allylation of hydroquinone: Influence of Temperature and Reaction time

The 1,4bis(allyloxy)benzene was synthesised from hydroquinone and allyl chloride in
stoichiometric ratio in a biphasic system at various temperatures and reaagsenltiis easily
identified by*H-NMR. Figure 1 displays the conversion of hydroquinone with temperature for
various reaction times, namely 30, 60, 90 and 120 minutes. The maximum temperature was
limited to 70°C, in order to ensure energy efficiency; adldue to the low vapour pressure of

the mixture, reaching higher temperatures would require a pressure vessel. It is clear that the
conversion increases with temperature and time. Extended reaction times have been tested but

did not lead to a significamicrease in conversion.
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Figure 2.1: Conversion of hydroguinone as a function of temperature, for several reaction times as well as yields
of allyl chloride polymerisation
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The most unexpected result is the drop in conversions observed at 50°C. Indd®ndons

rea®n would lead to such an odekhaviour for just one particular set of temperatures,
increasing with reaction times. At 2hd 60minutes of reaction timehe behaviour is still
almost linear with an asymptote towards a maximum conversiogr. 8@ minutes, the drop is
clearly visible and increases further for 120 minutes of reaction time. This generates the
hypothesis of a concurrent reaction. Thanks toe NMR the broad peaks of the
polymerised/oligomerised allyl chloride at 3,25 ppm aratified by comparison with pure

allyl chloride polymer. Spontaneous polymerization of allyl chloride is well known and was
used for numerous applications over the past §e&sill, a simple increase of polymerisation

rate with temperature would be the expected behaviour.

Polymerisation test of allyl chloride in sodium hydroxide solution (50% w/w) at various
temperatures, namely 30°C, 40°C, 45°C, 50°C, 60°C7&1@&,were carried out. As shown in
figure 1, the polymerisation is strongly temperature dependent in these conditions with yields
between 3% and 41%. Surprisingly the maximum conversion is reached between 50°C and
60°C and decreases for higher temperatuiiéhus, we can assume that the drop in the
conversion of @allylation at this temperature is due to the competitive consumption of allyl

chloride due to its polymerisation.

Claisenrearrangement bgroduct

In addition to the allyl chloride polymer, ahetr byproduct was observed. Indeed, when
studying Qallylation and thus the formation of allyl vinyl ethers, it is unavoidable to consider
also the potential subsequentamreangement of the aromatic product. Claisen {8i@inatropic
rearrangement is singly favoured in polar and hydrogen bonding solénlike water in our

case but usually only occurs at high temperature.

A L] L
(6] (¢} (¢}
—_— R
O\J B o ~| OH .
1,4-bis(allyloxy)benzene Intermediate 2-allyl-4-(allyloxy)phenol

Figure 2.2: Claisen rearrangement of the dibxybenzene moieties
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On the NMR spectra, the rearrangement was clearly observed and not only at high temperature
but even at 0°C. Surprisingly, as depicted on figure 3, the percentage of Claisen product
decreases with teperature. This might be due to a difference in reaction rate between the O
allylation and the rearrangement. If theallylation is much faster at higher temperature

compared to the Claisen rearrangement, the percentage of Claisen product will be tbaver at

end of the reaction time.
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Figure 2.3: Amount of Claisen product as a function of temperature for several reaction times

Hence, the polymerisation with its maximum around 50°C and the Claisen rearrangement have

opposite effects on the overall yilelAs a consequence, the yields of the reactions at 70°C

depicted in Figur@.3 are overall superior to the other temperatures and that best yield (44%)

is obtained for a reaction time of two hours.
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Figure 2.4. Overall vields in 1,4(bisallyloxy)benzene as a function of tiatadifferent temperatures
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This relatively low yield is mainly due to the fact that biphasic system, the reagents are in
constant exchange between the two phases leading to equilibrium phendwmendot of
unreacted reagents remain, the system can easily be regenerated by simply removing the organic
phase, which only consist ofidlchloride and product, and adding new organic reagents to the
phenol containing aqueous phase, which is fully recyclable as is. Being very volatile, the
removed allyl chloride can easily be distilled off andnteoduced in the system for a second
readion cycle. The same accounts for the extraction solvensogropyl ether, which can,

thus, be reused without tremendous energy expenses. This high recyclability of all components

compensates the low yield and can be interesting for an industrialaigpliof the reaction.

O-allylation of catechol and resorcinol

After studying the @llylation of 1,4hydroxybenzene, the findings were extrapolated to
catechol and resorcinol (kdihydroxybenzene and td@hydroxibenzene, respectively).- O
allylations wee carried out in the same reactiongptout for temperatures of 30°C, 50°C and

70°C and reaction times of 120 minutes, as these have shown to lead to the most significant

results.
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Figure 2.5: Conversion of the three di Figure 2.6: Percentage of Claisen rearrangemen
hydroxybenzenes as function of temperature, al product of the three eiiydroxybenzenes as functior
minutes of reaction time tempeature, at 120 minutes of reaction time
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At 70°C, the behaviour of catechol is similar hydroquinoneout with slightlylower yields
whereas resorcinol leads to a substantial loss in conversibff/af The latter can easily be
explained by the major stabilization of the generated phenolate due to delocalisation of the

electrons on the aromatic ring caugmloss in reactivity.

Moreover, the effect of temperature on the kinetic behaviour between the two competitive
reactions is very different for resorcinol compared to the other two dihydroxybenzenes. Indeed,
although the yields are generally lower thathwydroquinone, as seen in figure 5, resorcinol
does not show a drop in yield at 50°C, probably because the yield is so low that the concurrent
consumption of allyl chloride in the polymerization reaction has no impact. On the contrary, as
catechol andydroquinone observe a drop in conversion for this temperature, at 50°C the three

dihydroxybenzenes reach very similar conversions of around 35%.

Moreover, for the resorcinol diallyl derivative, as seen on fig@ufethe very strong activation

by mesomerieffect of the position in ortho of the ethereal moieties arising from the sum of
both electrordonating effects, strongly favours the Claisen rearrangement on this position. As
shown in figure 6, at 30°C, 50% of the molecules have rearranged, whichfaddairgrease
compared to hydroquinone. Combined with the generally lower conversion, 1,3
dihydroxybenzene reveals itself as the least @ram Qallylation with this method.
Nevertheless, as the Claisen product leads to further epoxidisable terminal glkaps, the

rearrangement is not expected to have a great impact on the subsequent use in epoxy resins.

Figure 2.7: Activating mesomeric effects in Claisen rearrangement

Epoxidation of the bisllyloxybenzenes

After identifying the optimum conditions for the allylation of the three model di
hydroxybenzenes, the most envinmntal friendly epoxidation was investigated. Indeed,

epoxidations @ commonly carried out usingetachloroperoxybenzoic acid, a highly
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