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ABSTRACT

This thesis explores the synthesis and properties of novel bioderivable surfactants, focusing
on the hydrophobic components, in an attempt to find replacements for perfluorinated
surfactants. Perfluorinated surfactants have excellent thermal and chemiaallity,
excellent surface tension reduction and extreme hydrophobicity and oleophobicity.
However, perfluorinated surfactants are also toxic and persistent in the environment.
Globally, the production and use of perfluorinated surfactants is being phasedue to
regulatory pressures from Europe and the US. Therefore, sustainable replacements for their

varied applications which do not pose a threat to the environment are needed

Lignocellulosic biomass, specifically from waste biomass so as not to compete with food
production, is an ideal renewable feedstoftk sustainablesurfactant production. High
density alkanes produced in biofuel research were selected as platforms for the synthesis of
novel surfactants to increase hydrophobicity in comparison to typical linear chain

surfactants.

Novel surfactant hydrophobes were synthesised primarily through aldol condensations to
give branched ketones followed by hydrogenation to produce fatty alcohols. Several
methodologies were attempted to attach a variety of head groups to the hydrophobic
structures to produce a range of surfactants. These include sulfonation ofh tkei
unsaturated ketones, amination of the >unsaturated ketones and etherification of
alcohols to produce a poly (ethylene glycol) head group, all of which were unsuccessful. Th
lead to the use of an ester link between the head and tail groups which also promotes
biodegradability of the surfactant. Esterification was successfully achieved using an acyl
chloride as an intermediatproducing 9 novel compounds with potential to behave as

surfactants.

Standard industry techniques confirmed that all 9 compounds exhibited surfactant
properties and were benchmarked against industrially produced surfactant blends. Analysis
methods included Wilhelmy plate static surface tension method, dynamic surface tensio
measurements and dynamic light scattering measurements. From these analysis techniques
the size of the micelles formed was discussed, as well as the speeds at which each surfactant
migrated to a newly formed surface and the critical micelle concentraf@MC) of each

compound were determined.
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1.1 GREEMND SUSTAINABLEEMISTRY

1.1.1 Principlesandmetrics

Green Chemistry can be summarised as an approach to chemistry that bhnimgs
consideration of environmental impacts to the forefront when designing chemical
processes. The sendl work of Anastas and Warner 1998 lays out the 12 principles

of green chemistry.Their workdescriba&l how to go about reducing waste (especially
harmful waste), reducing energy expenditure and avoiding producing environmentally
damaging products in the first place. Throudte tapplication of the 12 principles of
green chemistrya systematic, definable and somewhat measurable appraachbe
usedto move towardsachieving tle overallgoalof green chemistry; to allow progress
whilst protecting the environment® The 12 principles of green chemistry, shown in
Figure 1, are central to this study and have been considered where appropriate

throughout.*

Prevention
Inherently
Atom
LT Economy
chemistry
. L
Real-time €95

analysis The 1 2 f:;e;]dezli.lss
Principles

_ Designing
Design for
degradation Of G ree n Chzar\:?crals
Chemistry
Catalysis 505|31:!nrt5

Reduce Renewable
derivatives feedstocks

Figurel: The 12 Principles of Green Chemistry
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The 12 principles of green chemistry:
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1. Prevention

The prevention principle aims to reduce the waste produced through chemical reactions
and processes because it is better to prevent the production of waste ithento
dispose of the waste or treat iThis is the first principle of green chemistry and some

aspect of this goal runs through all 12 principles.
2. Atom Economy

Atom economy is a green chemistry metric whiphantifies the percentage of atoms
from the reactantsthat are utilised inthe desired productand therefore how much is
wasted Addition reactions for example would have a high atom economy because all
atoms of the reactants are present in the desired product. The atom economy principle
is rooted in the aim to apply a green chemistry metric while designing processes to

maximise he efficiency of reactions therefore reducing waste production.
3. Less Hazardous Chemical Synthesis

This principle aims teeduce the usage of hazardous materials in synthesis. If a reaction
uses or produces hazardousaterials, either asstarting materials, products or by
products alternative routes should be considered against the 12 princifilbe.safety
of the workforce carrying out the reaction in the first instans®f paramount concern
as well as the safety dlfie general public if accidentally exposed to hazardous waste.
This principle also incorporates the prevention principle, as it is baitavoid creating

hazardous waste than to clean it up or treat it.
4. Designing safer chemicals

The design of safer chemicals aims to reduce hazards created through use and disposal
of hazardous chemicals by not producing them in the first place. Consideration should
be madeof the probable toxicity and environmental damage a product has the potential

to cause throughout its life cycl@his principle is one of the more challenging aspects

of green chemistry becausgends in toxicity and biodegradability are not yet well
understood.Furthermore,in the interest of progressewly designed chemicadsould

not only be safer but alsmaintain or improvethe efficacy and functionalitg ¥ A G Qa

predecessaor

5. Safer solvents and auxiliaries



Solvents are often the reaction component that causes the greatest concern for safety
due to volatility, flammability and toxicity. Solvents are also often heated, distilled,
filtered and cooled in various energy and resource heavy processes to finally be
removed from the final products (where low levels can cause toxicity problems in
products) and either recycled or more often incinerated. This principle aims to reduce
the use of solvets ideally with solventless reactionBhisimmediately greatly reduce

the hazards angroduction of waste in most cases. It would however be unrealistic and
chemically unsound to assume that solvents do not play a vital role in the chemistry and

therefore solventless reactions are not always possible.

Solvents often play a crucial role in removing the heat of reaction, providing safety from
runaway reactions and unwanted side products. To combat this the engineering process
at the industrial scale of solventless reactions may require more efficienttororg

and cooling systems and would therefore lehdmselvego flow chemistry. The design

of safer solvents is critical to reduce hazards wleeselventless reaction is not possible.
Often solvents area necessityfor example when issues witkafety, viscosity and
selectivity through solvent effectarise however the choice of solvent should be

carefully considered, using safer solvents where possible
6. Design for energy efficiency

This principle is concerned with minimising the energy required to complete a chemical
process. Ambient temperatures and pressures are preferred as they greatly reduce the
consumption of energy. Reactions and processes should be carefully considesesd
conditions are concerned. For example, a small reduction in yield may be agreeable
when a large amount of energy (and therefore money) can be conserattiple 6 is
particularly topical through the current demands on energy providers and the costs

assoaated.
7. Renewable feedstocks

Where possible feedstocks should not be derived from depletable resources but instead
from renewable resources. The advancement of this principle has created a vast
research areasurrounding the circular economy and the production of fuels and

chemicals from biomass using biorefineries.
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8. Reduce derivatives

Reactions and processes that involve the protection and deprotection of functional
groups during reactiosequenceshould be redesigned where possible to avoid these
steps as they often increase energy consumption and waste production. Enzymes are
particularly useful to achieve this goal as their high specificity reduces the need for

protecting groups and the productn of byproducts is also reduced.
9. Catalysis

Catalysis is preferable to stoichiometric reagents because the amount of waste

produced is reduced and the catalyst can usually be recycled many times over.
10. Design for degradation

When designing target molecules for synthesis consideration should be given to the
environmental impact of the products. Any compounds known to be persistent in the
environment should not be made and much caution used when designing similar
compounds. Pradcts should be designed in a way that allows for breakdown in the
environment when released because it is unreasonable to assume no accidental
releases will occur or that a disposal problem will nbe created in the future. This
principle is closely relat to principle 4, designing safer chemicals, as chemicals which
are persistent in the environment have been known to bioaccumulate through food

webs and effect the human and animal populatidns.
11. Real time analysis

The use of real time analysisiorprocess monitoringnables adjustments to be made
during the course of the reaction leading to better and more consistetdomes The
production of waste is also minimiseHorexample a batch of product has been made
and does not pass quality contrarhd is nownot fixable once out of the reactor butay
have been fiable with real time alterations. Furthermore, real time monitoring can
improve safety through the feedback of vital information such as temperature and

pressure which could provide eamyarning of hazardsuch as runaway reactions.
12. Inherently safer chemistry for accident prevention

This principle combines principles 3,4 and 5 but focusses specifically on accident
prevention. All 12 principles work on the basis that prevention is better than a cure and

in this instance the elimination of potential hazards is always much more effentive



term of safety than additional monitoring qrersonal protectionequipmentfor the

workforce.

Over time metrics such as atom economayd the principles of green chemistinave
helped quantify positive changes themicalprocesses anthe impact their products

have. Howeverthese principledhave limitations such for example no consideration of
carbon emissions or the purpose and use of a product. life cycle assessments (LCAs) can
be used 6 consider the wider use and impact of products beyond their manufacture.
LCAs take into account the environmental impact of a product from cradle to.Jitaere
manufacture, emissions durinmanufacture anduse, recyclability, polluting power
during use and waste produced at the end of &fe all considered iIhCAsLCAs are
difficult to accurately calculate because they typically encompass a great many factors
and therefore can have a considerable margin for error. However, they represent a
more rounded and considered approach to the assessment of a product, @djowi
comparison between products when questions beyond manufacture and processing are
raised.Furthernore, the wider assessment of the environmental impacts of a product
provided by LCAs can be combined with life cycle sustainability assessments and life
cycle costing assessments to provide a holistic overview of the product. The increasing
complexity of hese calculations combined with natandardised techniques for
calculation leaves much room for errbowever is a significant step towards a holistic

understanding of a products impact on the world.
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1.1.2 The drcular economy

The circular economy is an idealised model of production and consumption. The circular

economy takes the traditional linear production and consumption model which can be
RSAaONAOSR Fa WilF{1SY YI1S8ST dzaS>z LRfftdiiSQ FyR N
extends the life of products and transform them into new products leadinglrestic

reduction in the production of aste(seeFHgure2 for a visual representation).

Traditional linear economy

Recycle

Natural resources Production

Circular economy

Natural resources

Production

Figure2: Schematic for comparison of the traditional linear economy and the circular
economy

As seen in the diagram of the circular econombgiure 2, the amountof natural resources
used can be reduced by designing products that have longer lifetivaesbe reusedcan

be remanufacturedafter the initial use period and can be recycled at the end affREeusing
and recycling in this way also effectively reduces the waste prodasédide majority of the

waste is inserted back into the economy as a feedstock for new proéticts
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1.1.3 Patform molecules

tfFGF2NY Y2 S0dA Sa NS INBSYy OKSYAalNBQA
to synthesise the vast array of compounds produced in the chemical industry. The traditional
base chemicals, exampl@&mpoundsl-6) of which are shown iRigure3, are derivedrom
non-renewable petrochemical§ he chemical industry therefore has an unsustainably heavy

reliance on fossil fuels.

A
= PN %
- 7 s ©©/ U

ethene Propene 1,3-butadiene Benzene toluene ortho-, meta-, para-xylene

1 2 3 4 5 6

Figure3: Examples of petrochemically derived base chemicals used by the chemical
industry.

From a sustainability viewpoint, renewable feedstocks would be preferable to
petrochemically derivedBiomass is an ideal candidate as a renewable feedstock as it is
replenished globally ia matter ofyears rather than millennia and is available cheaply and
in abundance as a waste product from industries such as the paper industry, forestry,
farming Food production is also a rich source of biomassiahihcan be ethically sourced
when using unavoidable food waste such as fruit peels, spent cooking oilssaddtea

leaves amongst other things

Biomass can be converted into renewable base chemicals, referred to as platform
molecules, within biorefineries. Biorefineries however are in their infancy compared to the

well-establisheccrude oil and natural gasase chemical supply lines.

(0] 9 (@]
i OH S OH
Z"0H YJ\OH )j\/\”/ | | p HO
0.0 OH
OH o) o)
5-(hydroxymethyl)
furfural

7 8 9 10 1" 12

n-butanol lactic acid levulinic acid  levoglucosenone itaconic acid

Figure4: Examples of platform molecules that can be obtained from biomass at scale
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Figure 4 shows some examples of established platform molecules such as levoglucosenone

(10) and 5(hydroxymethyl) furfural11).

1.2 SJURFACTANBESID SUSTAINABILITY

1.2.1 Definitionandapplications

Burfactanfls a termused to describe amphiphilic molecules and is derived from the longer
term Wurface active aget® Moleculesin this classhave a lipophobic portiorwhich
dissolves well imqueoussolution and alipophilic portionwhich dissolves well in organic
solvents and oils. Asrasult, surfactantsselfassembleat interfaces such as the interface
between oil and water, oil and air or water and &iilgure5 shows a common representation

of a surfactantthe lipophobic or hydrophilic groufs referred to as a head group artke

lipophilic or hydrophobigortion is referred to as theail group*

Hydrophobic/Lipophillic Hydrophillic/Lipophobic

Tail group Head Group \/\/\/\/\. Nonionic e.g. PEG chain
+ Soluble in cils + Soluble in aqueous solution
+ Common types: alkyl chain, « Types: Anionic, cationic, A .
branched alkyl chain, polymeric zwitterionic, non-ionic Cationic e.g. amine
\/\/\/\/\. Anionic e.g. sulfonate

WW\. Zwitterionic e.g. betaine

Figureb: Schematic of the typical structure of a surfactant and the head group categories

The presence of surfactants at surfaces and interfaces lowers surface tefisidescribe
surface tensionconsider abeaker of liquid. The cohesive forces in the bulla difjuidare
more favourable than the cohesive forces between the liquid and the air abA® dtresult

of this the surface of the liquid occupies the minimum amount of space, to favour the
interactions in the bulk rather than with the gas molecules above the surfabe.
minimisation of the occupied space creates tension at the sartacdifferent degrees,

similar to a taught sheet.

The amphiphilic nature cfurfactants which allows them to lower surface tension gises

themthe ability to sefassemble into higher order structures such as mic¢fegures). The
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various ways in which the surfactants sasisemble gives rise to a large variety of effects

such as foam stabilisation, detergeranyd friction reductionamong many other$

Figure 6: Seltassembly of surfactants around an ditoplet in a micelle (left), at the
air/water interface of a foam (centre) and at the air/water interface of a solution (right)

There are a broad range of head groups divided into frategories anionic, cationic,
nonionic and amphotericThe overall charge of the head grodpnotes the classification,

seeHgure7:

\/\/\/\/\. Monionic e.g. PEG chain
\/\/\/\/\. Cationic e.g. amine
\/\/\/\/\. Anionic e.g. sulfonate

WV\/’ Zwitterionic e.g. betaine

Figure7: The four sukcategoriesof surfactants according to charge on the head group

Nonionicsurfactants have no overall chargssociated wittthe head group, cationic have
a positive chargand anionic have a negative chargeéinallyamphotericsurfactants have

both positive and negative chargehich is balanced at the isoelectric point atherefore
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are able toact as a cationic or anionic surfactant dependent onAsdphoteric surfactants
are often referred tointerchangeablyas zwitterionic surfactants due tability of the
surfactant to form azwitterion, a moleculewith positive and negativeharges but a net
charge of zero, at the isoelectipoint. Well known examples of each category are shown in
Table 1.

A large proportion of all surfactants produced are ionic surfact¥ntélonic surfactants
tend to have good foaming capability and are effective for removing particulatéreil
natural fabricshowever are sensitive to salt content and hard wat€onsequentlythey
require detergent builders to complex with the magnesium and calcium in hard water to
remain effective in detergent formulation¥he positive charge orationicsurfactant head
groups make them good forapplicatiors in which a coatingis formed such as fabric
softeners and hair conditionerbecausemost of thes types ofsurfaces are slightly
negatively chargedAmphotericstend to have low irritability and good stability against pH
ranges, electrolytesand hard water and are compatible with anionic awdtionic
surfactants Nonionicsare generallyow foaming and effective for removing oily stains from
synthetic fabricsUsually they ard¢ess irritant to the skimot effected by saland hard water
and are compatible with cation&nd anionicsurfactants'* 1A classification of surfactants

can be seen in Table 1

As can be observed in Table 1, while head groups differ greatly in structure, size, functional

group and charge, surfactant tail groups typicalynsist of an alkyl chain. The variation in

tail groups comes from levels of unsaturation, chain length and branching with some

surfactants having more than one tail group. The alkyl chaaftén either synthetic or

RSNAGSR FTNRBY Yyl dGdzNIf 2Afa adzOK a 0202ydzi 2Af X
Purification of such oils to separate the mixture of chain lengths is costly and unnecessary

in many cases as a mixture of chain lengths often eocbsuperformance over a wider range

of applications. Howevesome more specialised, higher value surfactants have narrower

chain length ranges. More specialised surfactant tail groups include polymeric chains,

fluorocarbon chains and siloxane chains.
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Tablel Examples ofwgfactantsclassified according toead group type with example structures.

Classification

Example Structure

(0]
(ON
/\/\/\/\/\/\60/\>/ //S/’\07 N
"o Na

Anionic ) )
Ether sulfates.e.,Sodium laurethether sulfate (SLES) 13
/\/\/\/\/\/\)\ %
1 Good at lifting particulate 0//3‘6 Na'
soil Alkane sulfonatege., Sodium 2hexadecanedfonate 14
, . Ho -
1 High foaming \/\/\/\/\/\40\/\)0/\&\,0 Na'
I Sensitive tovater hardness | Phosphate estesi.e., Sodium dodecyltetraethoxy phosphate 15
1 Incompatible with cationics
o |,
Cationic NS ©
Alkyl quat ammonium salise., N-hexadecyltrimethiammonium chloide 16
T Absorb rapidly to textiles Cl
. . . i i “ P J P P
1 Less effective in cleaning Benzylalkyldimethylammonium salts #”;T ;mi e
applications i.e.,Benzyldodecyldimethylammoniu chloride i 17
 Often used in fabric OH
Amidoamine quaternary ammonium salts o A o

softeners

1 Incompatible with anionics

i.e., Methyl-big(hexadecylamidoethy2-hydroxyethyl ammonium chloride C15H3|"’LL'H ~ SN G
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Classification

Example Structure

Amphoteric(zwitterionic):

1 Function similarly to cationig
and anionic surfactants

dependent on pH

Betainesand amido betinese.,Cocoamidopropyl betaine

Amphoacetates.e., Sodium lauroamphoacetate

a}

I

13

Nonionic

1 Good emulsifiers

1 Tolerant to water hardness
and a range of pHs

T Compatible with anionic and
cationic surfactants

1 Often lowfoaming

1 Generallyless irritant than

anionics

32

Ethoxylated alcoholse.,Dodecanol 9mole ethoxylate

Alkyl polyglucosideise.,Lauryl diglucoside

Ethoxylated sorbitan esteis., Polysorbate 20
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The development of @roup of specialized surfactants called pand polyfluorinated
surfactants(PFASpegan n 1938 when Roy Plunkitt made the accidental discovery of
polytertafluoroethylene (PTFEhile experimenting with new ideas for coolantdefound
that a gacylinderhe had left overnightetained its initial mass however no longer emitted
gas flow when openedrhe gadad polymerizedvernightand produced avhite waxy solid
which was highly resistant ttemperature change and exposure tmrrosivesand was
insolublein aqueous and organ&olvents!® Throughout the 1940s companies DuPont and
3M began to experiment wittother perfluorinated compoundsand make use of their

unusual properties in a range applications.

Polyfluorinated substances are organic compounds of which two or more hydrogens on the
carbon backbone have been substituted for fluorine. Perfluorinated are those with a carbon
backbone which has had all hydrogens replaced by fluorirtee example structures
illustratedin FHgure 8 are the perfluorinated polymer PTFE and the two most abundantly
manufacturel perfluorinated surfactants, perfluorooctanoic acid (PFOA) and

perfluorooctane sulfonate (PFOR).

F RFRFRF O RFR FR FQ

Lo ~OH
J[c-cll FWOH FMS\\

[ F @)

F FI, F

F FFFFFF F FFFFFF

24 25 26
PTFE PFOA PFOS

Figure8: Structures ofluorinated polymer PTFE and perfluorinated surfactants PFOA and
PFOS

Perfluorinated compounds were found to be more hydrophobic than their hydrocarbon
counterpartsas well as oleophobic and thermally stablélhe replacement ofcarbon
hydrogen bonds for carbefluorine bonds reduces conformational freedom and
dramatically reduces the effects of Vdar Waals forces in perfluorinated species and the
enhanced stability of the-€ bond in comparison the € bond aids with thermal stabilif.
These properties give rise to more stable surfactants with-fmuoting abilities that have a

greater tension reduction at lower concentration than previously used.
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Organic molecules containing a high level of fluorination differ greatly in their behaviour at
surfaces and in bulk solution compared to most other organic speBslacing all
hydrogen with fluorine on a carbon backbone reduces conformational freedom. The
covalent radii of hydrogen and fluorine are 0.31 A and 0.57 A respectively and the volume
of space Ckgroups occupy is 27 A compared te @Rich occupies 38 A. This reduction in
conformational freedom and free space for rotation results in a more fgickbone with

a tendency towards a more helical structure than their hydrocarbon countefpaft.

Highly electronegative fluorine, 3.98 on the Puling sé&&holds its electron cloud closely
and therefore has low polarizability and induced dipdipole interactions are greatly
reduced. The lack of Vaer Waals forces (specifically Debye and London forces) between
perfluorinated chains renders perfluorocarbons oleophobic and hydrophobic. Gross et al
investigated the effect of perfluorination on intermolecular interactiomsomparison with
typical organic compound? Figures9 and 10 compare fluorocarbons with numerous
classes of organic compounds and highlight the effect that a high level of fluorination has

on intermolecular interactions.

® fluorotelomer alcohols

A fluorotelomer olefins
¢ perfluoroalkanes
® fluorinated comp. FIC <15
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Figure9: Logarithmic hexadecane/air partition coefficients vs molar volume for a range of
684 organic compoundd
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Figure9 showsthat fluorinated compounds with a fluorine/carbon ratio >1.5 lie far outside
the window for which 684 organic chemicals of varying compositions lie with respect to the
relationship between the hexadecane/air partition coefficient and molar volume. The
partition coefficient is reliant on &wo-stage mechanism. Stage 1 involves the opening of a
cavity in the bulk solution capable of accepting the volume of the solute molecule and is
therefore related to the molar volume3age 2 involves the interactions hveeen the bulk

and solute molecule beingorefavourable compared to that at the surface with air, where
interactions are scarce. Since the bulkéxadecanethese interactions ar&an der Waals
interactions. This graph therefore shows the lack of #anWaals interactions that highly
fluorinated compounds experience explaining their preference to the ligail surface

where there are fewer interactions.
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Figure10: Saturated liquid vapour pressures at 25 of 200organic compounds and 6
perfluorinated alkanes vs molar volume

Figure10 similarly demonstrates the lack of Van der Waals interactions as it shows the
significantly higher saturated liquid vapor pressure of highly fluorinated alkanes compared
to other classes of organic compound. Thighlights the greater affinity of highly

fluorinated alkanes to dissociate from their bulk solutions compared to other orgaltics
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is shown irHgure 9 and 10 due toabsenceof Van der Waals interactions within their bulk

phases.

The absence of carbohydrogen bondsas the effect of greatly reducirigduced dipole
dipole interactionscompared to that ichydrocarbon chains. Thearborthydrogenbonds

have been replaced with carbetuorine bondsin whichthe fluorine holds its electron
density very closely and thus induced dipdipole interactions are greatly reducedihe

loss of hydrogen bonding abilityand polarisation provides uniquecharacteristicsto
perfluorinated surfactants in that they have a strong affinity to align at the liquid vapor
surface, have low boiling points and are oleophobic and superhydropftBerfluorinated
surfactantsform micelles at much lower concentrations than their hydrocarbon analogues
duein part toa reduced solubility in water. This is demonstrated by the comparative CMC
values for perfluoro and hydrocarbon surfactants which are around 2 orders of magnitude

lower 23

Furthermore, this superhydrophobicity and oleophobicity is enhanced by thdiked
packing of perfluorinated chain®erfluorinated surfactants exhibthis rod-like packing
because of the lack of polarizability of the carktuorine bond and the space taken up by
the fluorineredudng the conformational freedorof the carbon chainThis rodlike shape
allows for close alignment of neighbouring molecules at the ligiidsurface and
contributes to the hydrophobicity and oleophobicity as the close packimakes

penetration of molecules in contact with the surface less likely.

They have been developed and used with preference over hydrocdrased surfactants
where extreme surface tension reduction is needed as perfluorinated surfactants are far
superior.Perflourinated surfactants exhibit very low surface tension in aqueous solution,

even in small concentratior§

The extreme surface tension reduction emanates from the lack of Van der Waals
interactions for perfluorinated chaingPerfluorinated surfactants also have increased
thermal stability due to the strength of the carbon fluorine bond, commonly known as the
strongest bond in organic chemistry as fluorine has the strongest single bond to arbon
2% The strength of & compared to the €€ and €4 bonds makes highly fluorinated
surfactants highlghemically andhermally stable and therefore useful for applications in
extreme conditions, for example Teflon coatings on cookwamdustrial pipelines for
reactive and corrosive chemicals, wire insulation or in the aerospace industry to produce

carbon fibre composites and fiberglass composites

36



Fluorinated surfactants are one of the main componentfrefightingfoams due to their

very low surface tension in watandhigh thermal and chemical resistan€e.

Fluorine has low polarizability; hence than der Waals interactions between fluorinated
chains are weak, leading to low cohesive energy of fluorocartugh vapour pressure,
high compressittity, high gas solubility, low surface tension and a high surface activity in
aqueous solutionand low critical micelleoncentration(CMCY* 2° 3L Fluorocarbon chain

is highly hydrophobic and exhibits an unique property being hydrd oleophobic,
meaning they are surface activelioth aqueousandhydrocarbon solutionand have been
used in pharma and medical aréag® The ability of the compounds to repel botli and
water was ideal for cookware, outdoor clothirend stain resistant textilesuch asTeflon
pans Scotchgaurdspray and Gorgex jacketswhich were released onto the markesold
worldwide. These products were effective aimtredibly popularand production escalated

quickly(Figurell):

GORETEXS Lxparience To!

Figure1ll: Advertisements for Gordex (top left), Scotchguard (bottom left) and Teflon
(side right) products Image credits: dMirroTeflon0371968CompAds(right) from
DukeUnivLibraries licensed under CC-RESA 2.0. "GOREEX® Experience Tour: Design sketch of
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Marco Vanella'{top left) by GORHEX brand is licensed under CGNBXD 2.0."3M
Scotchguard({bottom left) by is licensed under CGBE&ND2.0.

Further applications were explored to exploit the unique properties of PFAS. Despite high
costs of manufacture, the unique characteristics of PFAS at low concentrations lead to their
proliferation into over 200 use categorie®: 3 Alongside well known examples such as
textile impregnation, antstick cookware, ardiog food packaging and firefighting foams

we now see PFAs used for watch making and in tennis rackets, guitar strings, sealants,
printer ink,photographic filmspharmaceuticals, cosmetics and insecticiéfe®'* Through

their use, a variety of PFAS have entete$ 2 Llio8e® &round the globe through the
clothes they wear, furniture they sit on and the food they éabm their conception up till

0 KS wmithewagld@owh outside of industrial expertise about PFAS and their effects on
people and the environmerdnd therefore there was no monitoring or regulation of PFAS
despite their presence in averincreasindine of productsFigurel2, a bar chart showing

the number of publications per year discussing PFAS, serves as an indication of the lack of
exploration and kowledge in the literature pr000 and the escalation to over 1000
papers published in 202Much of this interest can battributed to human health concerns

brought into the fold by a farmer who sued a PFAS manufacturer.
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Figure12: Bar chart demonstrating increasing attention paid to PFAS in the scientific

community since 1998. Number of publications v year of publication sourced from the Web
of Science database. Search terms used: PFAS and perfluoro* or PFOS or PFOA.

38



1.2.3 Effects on people and the environment

In 1999 Robert Bilott filed a federal suit against Dupont on behal¥iddur Tennant, the
owner of a farm adjacent to a site whi€uponthad purchased for nehazardous landfill
waste from thenearbyWashington workglantin Parkersburgin the years following the
opening of the landfill sitente animals oMr. Tennant farm began dying prematurely and
exhibiting unusual ailments such as blackened teeth and vomiting bldaeh the crude
autopsy performed byMr. Tennant himself the cattle appeared to hawsollen and
discolouredorgans such agallbladdersA report was later released by Dupont used in their
defense which denied culpability and blametl Sy vy | pgoii @émal husbandryMr.
Tennant insisted that the largeumber of cattle deaths asdue to ground water andunoff

from the Dupont landfill site whicbontaminatedthe water sourcdor the cattle.

This case triggered Robert Bilott to filelass action lawsuit against DuPoApproved in
2005, the class action lawsuigsulted in a settlementagreementwhich included the
creation of asciencepanelconsistingof three epidemiologistdasked withidentifying any
probable links between PFOA (known as C8 within the Dupont company) and human
disease As part of the agreement Dupont paid 70 million US dottafsnd acommunity

study of the residents of Parkersbuegtitled the C8 health projecivhich ®llected blood
samples from approximately 69,000 people and became one of the largest known
epidemiological studies of the tim&he science panel concluded that there were probable
links between PFOA and pregnasicgtuced hypertension, testicular cancer, kidney cancer,
thyroid disease and ulcerative colifi*" The National Health and Nutrition Examination
Survey (NHANES) examined blood samples from the US population in 1999 and found PFAS
in 98% of sample®¥: “*1t is known that mothers transfer PFAS to their offspring during
pregnancy and through breast feeding atttht high dosage of PFOA and PFOS had
reproductive effects on rats such asduced birth weight, neonatal death, and reduced

postnatal growth 4446
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Figurel3: Health effects identified by the C8 health project as having probable links to PFAS

The plant workers and resident of Parkersburg who were exposed to higher levels of PFAS
than the general populationhroughinappropriatehandling of manufacturing wastato
waterwayswere entitled to sue Duponthrough individual personal injury claims headed
initially by Robert Bilott. After several lawsuits were won by Robert Bilott for individual
residents Dupont agreed to settle the remaining cases, of which there were more than
3,500. Including the lawsuitbrought after those already mentioned Dupont has paid
damages to residents over personal injury clamlating to expose to PFOA in drinking
water exceeding the amount of 753 million US dollars and additionally settled for 4 billion

US dollars over lialities with respect to PFAS.

The class action lawsuit and subsequent personal ckaivadits filed against DuPont over

their handling of PFAS, their responsibility to their statffl local residentwith respect to

OKSANI KSIFf UK YR OGKSANI NBaLRyaAoAtAdASE gAGK NB3
attention to the health risks of PFAS. Thblic health risks posed by PF&&Ithe need

for regulationhas become topicah recent timesand has been covered mews articles

from publications such as National Geographic &hd Gardian documentaries such as

Wt 2A82YAYy3 I YSNAOLY ¢KS 58S @hchmeatdnthpgilarQ 6 KA OK A N
P'YSNAOI Y ¢+ &K2and WS feabute filn ®ark{ Wairg Sarring Mark
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fears associated with the stability and persistence in the environment
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The aforementioned characteristics of perfluorinated surfactants made them a popular
choice inmany applications anfbrmulations where extreme surface tension reductjon
anti-fouling propertiesor thermal stabilitywere advantageousAs previously mentioned
the use of PFAS grew from the popularity veéll-known products such as Gottex®
waterproof jackets, Tefld®pans andcotchguard®stain resistant textile treatments into
over 200 use categoriegxamples of which can be found Figure 14.?% 3 PFAS have
enteredthe environmentwell before appropriate and cost effective methodsdetection

andremoval have been established.
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Figurel4: Examples of ways in which PFAS may enter the environment

The resulting popularity has had a large environmental impact. Their stability and high
thermal tolerance make degradation in the environment extremely slow which is of
particular concern as many applications result in reledisectly into the environment for
example with the use of firighting foams. As a result, they are of considerable concern
with regards to bioaccumulatioandbiomagnifcation through food web$/*8*°PFAs can

be detected globally in water supplies, marine mammals, fish and amphifghs. C! Q a
are known to have an affinity for binding to proteins and it was found that the binding
constants and bioconcentration factors in fish were depamtdon chain lengti!
Perfluorooctanoic acid (PFOA) is the most widely used and the worst offender with regards
to pollution, accounting for >35% of perfluoroalkyl (PFA) concentration found in urban

water environments?
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A recalcitrant substance is a substance which decomposes extremely slowly or resists
decomposition. Even if the woi@ population complied uncompromisingly wialcomplete

ban of the production of PFAS and stopped wearing them and cooking with them their
recalcitrance leaves them strewn throughout the environment, detectably interwoven in
global water systems, ground water and soils. The known mobility informs us that the
presence of PFAS in the food supply and bloodstreams of the human and animal population

of the plaret cannot be reversed and will remain for several decades to come.

The high stability of the fluorinated molecules makes them-himuegradable. To extract
the fluorinatedsurfactantsrom water,techniques such abe use oinembranes, activated
carbon, polymers for precipitatg surfactants i¢e.,cationic polymers to precipitate anionic
surfactants) ion exchanger electrochemical decompositiohave been used 35 63 64
Huorinated surfactantdind to activated carborirreversibly and an economically feasible
regeneration is not possibf8.Hectrochemical decomposition into hydrogen fluoride (HF)
under electrochemicadxidationwas possiblevithout organic wastendexhibited a longer
service life and lower operating costs than activated carbon or ré&ifise same study
showed that ion exchange treatment using a resin was seven times more efficient than
activated carbon, but less efficient than electrochemical oxidation in removing fluorinated
compounds from wastewater. However, wheoupling electrochemical decomposition
with activated carbon polishing the operating costs were reduced anddpeacity of the

carbon bed increased tenfafd

Firefightingfoams aregenerally used bwgirports, oil refineries and motor fuel storagere

training facilities and military baseany firerelated incidentscanresult in thedischargeof

large amounts of foamgontaining PFAs directly into the environmerf significant

environmental disaster was registered$andozSwitzerland in 1986The Sandoz disaster

started whenl350 tonnes of highly toxic chemicals suddenly went up in flames at one of

the company's warehousedlore than 20 tonnes oéxtinguishing foantontaining PFAs

pSNB aLAffSR FYR KFER I RAAFAGNRAZA AYLI OG 2y WKAY
an entire eel population and caused drinking wapeoblemsin the Netherlands.It took

years for this situation to be recovered.

Anotherenvironmental disaster was registered in Franioel988,when an explosion and
a fire erupted on a chemical plant, whitlad a poorly maintainedafety management
system. Theaeleaseof 630 nt of toxic effluents ito the Brenne and Loire rivered to

temporary shut-down of businessesand water shortagein the area for daysCyanide
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containing products killedquatic life in 23 km of the Brenne and 5 km of the Cissieiman
casualtieswvere reported duringthe accident and irthe aftermath one person from the
plant was hospitalised anghableto work for 6 months2 firemen and 15 members of the
rescue team were intoxicated during the interventidiese environmerdl catastrophes
became known internationally anted countries to tighten the risk managementof

companiedy national and international regulations.

The manufactue of PFAs has been underwfay more than seven decades; however, only

recentlyhastheir toxicitycome under scrutiny by the public eye, earning the na#ie 2 NB @ S NJ

OK S Y AThé GFddddbis the strongest bond known to nature and it tke up to 1000
years for some PFAs to degrade, under typical soil condjtibased on modelling
degradation test$® ®°The degradation oPFA dependsin part on the location they are
deposited in and their ability to traveRegardless of the degradation pathway of B Fide
risk of forming more PFAS by incomplete destruction needs to be carefully evalliased.
generally very difficult to predict theend-of-life products because most of the PBA
products have confidential chemistry, synthesis pathway,-ptmducts types or

applications’®

Against the badeputation2 ¥ WF2NBJSNJ OKSYA Ol faQs NBOSyi
fla0a "FRebdbtly & NBshfound thatthere are bacteria that can catalyse
defluorination of PFAS and PEGA2Up to 60% oPFOA and PFOS were reduced during
100-day microbial incubations with the release of fluorine anion and moleahertening

from perfluorooctanoate to perfluoroheptanoate and then to perfluorohexanoate and so
on.”? Although this is excellent news in terms of ridding the environment of ever increasing
amounts of PFAgnore efficient enzymesvould be neededor a realistic timelines of
defluorination of perfluorinated surfactantsto justify manufacturing them The
biodegradation of fluorinated compounddsopresens some othedisadvantages: it can

take weekg¢o monthsandthe range of chemicals degraded is limitad different levels

of defluorination are achieveddepending on thi& length./4"> 7> 76The plant uptake and
accumulation of PFAs shows that short chain PFAs bioaccumulate in leaves and long chain
PFAs bioaccumulate in roots. They degrade into more stable polyfluoroalkyl phosphates
(PFAASs) in the environment and biota, while the biodegradgldkepends on their non

fluorinated functionality’’

Many effortshave beenY RS o6& (2RI &8Qa Sy@ANRYYSyill f

behaviorof perfluorinated compounds woikg with global regulatory agencies to tackle
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the toxicity of theW ¥ 2 NB @ S NJ° Thsy&Mer idtb theieibonment at every stage of
their life cycle from starting material to end produetsage therinto the recycling waste
wherethey canleak from landfill® ° 8 Once theyhaveentered the environment,PFASs
easilymigrate to terrestrial and aquatic systemgheyhave been detectedverywhereyou
could think to lookin theair, the humanbody (includingbreastmilk) the bodies oainimals
and birds soil and plantsind thewater system(rain, tap waterrivers andoceansy® 7% 8

9 The uptake oPFAsnto plantstransfers and bioaccumulates in themans and animals
that consume them. Hence,etary intake has been considered the maoute of non-
200dzLI GAZ2Y I K®YASRFAsBavSHeddidantfiNdn vegetables and other
agricultural cropsdrinking water and fisi*% Humansare exposed to PEArom plants,

fish and meat ean, air breathel andwater drank.®®

PF/S such aPFOS and PFQwreT 2 dzy R AY dd: 2 F*Sihcedhdydudd vy Qa 02 RASA
breakingNHANES studgublished this findingthe samehas been recorded the world

over.®® Once they enter the human bodyhey accumulate andeadto cancer, liver and

thyroid diseases, hormone disruption and birth defe€t$® Even if most of these

substances are restricted, the issues are likely fgersist in our lives becausechniques

to remowve PFAs from the human body aret well known or understood angmoval from

the environmentis costly andtill posesmanydifficultiesand unanswered questions

1.2.4 Regulations

The human healtreffects associated with the global contamination of water supplies and
concerns over effects on wildlife and the environment through bioaccumulagisuited in
heavy regulation and restriction now coming into place globally, limiting their release into
the environment and encouraging the use of alternatives in an attempt to phase them out
completely. International collaboration was achieved against the issue through the
Stockholm Convention on Persistent organic pollutants. e YSthe environmental
protection agency (EPA)onitors and regulates production of certain PFAS and in Europe
0 KS 9 dzNR LIRégigtratjory; Evalyatiof, Authorisation and Restriction of Chemicals
(REACH) regulationsave also targeted certain PFAS which must be phased out of
production. Simultaneously companies Dupont and 3M voluntarily phased out production
Ay (GKS SPINI & uHnnnQao
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The Stockholm Convention on Persistent Organic PollstéPOPs) is a global treaty which
aims to protect human health frorthe effects of POPs which become globally distributed
and can lead to serious health effects such as birth defects and cancers. Thewitdaty
has 152 signatories amndas adopted in 2001 came into force in 2@0MIrequires its parties

to take steps towards reducing and eliminatiihg production ofthe POPst identifies.No
perfluorinated compounds were originally identified hoveewince thenin 2009 PFOS
PFOAand closelyrelated substancesvere added to the lisbf POPs to be reduced and

eliminated 102

In EuropePFAS are regulated by the European Union. PFOS, PF@w amimonium salt
of PFOAAPFQ)C1XC14 PF8 and otherareincluded in the Candidate List of Substances
of Very High Concern for Authorisation under the European Chemicals Regulation, REACH,

article 57103

In the US amendments have been madeto current legislation to include
perfluorochemicals, for example the Toxic Substances Contro(TAE€A) and the Safe
Drinking Water ActTSCA is a United States law passed in 1976 ByUsited States
Congress and administrated by the United States Environmental Protection Agency
(EPAY™

The drinking water industry proposéidat the EPAshoulduse it€authority underthe TSCA

to prevent perfluorochemicalfPFOA and PFOApecifically)entering drinking water
sourcesThereare nofederal drinking water standards howewe EPAnNsist onremoving
permissions to useperfluorochemicals dr non-stick coatings and stairesistant
treatments. The TSCAImposesrestrictions on the manufacture and use dFA and
fluorinated polyolefinsto prevent them from impacting on human health andthe
environment. In March 2022he EPA sent an open letter to manufacturers, processors,
users, distributers, and waste disposal organisations about the potential fartBFém

and migrate from fluorinated highensity polyethylene (HDPE) plastits.

In 2006,the EPA proposedhat big companies such as DuPont, BASF, Solvay, Daikin,
Arkema, Asahi, Clariant and 3D/Dyneeducethe emissions of PFOA or its precursors by
95%. Thé’FOA Stewardship Progravas successful and realised its goal by 281€b, the
complete elimination of these chemicals from producigas proposedby 2015 and K
companies met tis deadline'®Moreover,in 2021 Maine becamthe first U.S. state to ban

PFOS, PFOA and PFAs in all products by 2030, ¥olesstly unavoidable®
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The Madrid statement is an articulation of the scientific consensus surrounding the
negative global impactspecificallyjcaused by the use of perfluorinated surfactants which
was released in 2015 and was signed by 206 authors and professiridisse concerns
voiced by the scientific communigomea decade after the initial voluntary phase out of
production of PFOA by Dupont and 3tfle legal battles which sparked public awareness
and global regulationregulation in the US and regulation in Europe through REAGH
release of this document highlights the work still needed to be done to eradicate the

production of PFAS and find appropriate alternatives.

1.2.5 Current alternatives to perfluorinated surfactan

The key to successfulphasing out all production of PFAS is to find suitable or soper
alternatives rendering them unnecessary or inferiddany alternatives to currently
restricted or banned PFAS are already on the marksitially, as regulationssuch as the
EuropearREACH regulatiofiscused orperfluorinated chains of above 7 carbons research
was conducted using shorter chain lengtheeducing the level of fluorinatioror a
combination & both to achieve similar performanced review from 2007 on hie
bioaccumulation of PFAs concluded that it is directly related to chain length and that in
short chains (C < 7) bioaccumulation was several orders of magnitude lower and are
therefore not classed as bioaccumulative with regards to widespread regulaitegia®’
Several alternatives to PFOA and PFOS were developed under trade names such as GenX,
ADONA and-B3B. The structures of the main components of these short chain alternatives
areshown inFgure 15. Hexafluoropropylene oxide dimer acid (HFBPE commonly known

by its trade nameGenXwas developed as a PFOA alternative Rey differences between
PFOA andenXare the reduction in chain length from 8 to 6 carbons, whibhnges the
classificationfrom long chain to short chaiRFASnd the addition of thesther group, a

group intended to be more susceptible to degradation in the environment.
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Figurel5: Structures of prevalent PFAS used as replacements for PFOAairt-QiBer
restricted PFAS

Short chain alternatives arknown to bepersistent and have been found in bottle and tap
water in various locations across the globe, suggesting high mobility via watettags.
recent review on the current literature on short chain (C¢#)2PFAS found that although

short chain PFAS have been found in various places including deep polar seas we do not
have a complete image of their environmental fate as most previous studeessed on

the longer chain PFAS as they are more common and have established methods of
detection% Although a larger more widespread data set on short chain perfluorinated
compounds is needed it is knowhat these short norbiodegradable surfactants such as
perfluorobutansulfonic acid and perfluoi®propoxypropanoic acidGenX) Figure 15)

build up and have been detected in British rivE¥s,

An industrial shift to the use of short chain PFAS will likely not be beneficial in reducing
persistent organic pollutants and in fact may result in a need for further restrictive
legislation in the futureThose who have concerns over the final degradation products
amongthe heavily increasing demand for short chain 8RAvecriticisad the view that

short chain PFAS are less harmful to people and the environasestiort sightedr amere
side-stepping ofrestriction criterial!011+11210382 g ch were the concerrsf Brendel et al

who laid out adesiredstrategy for REACH regulatiéfi.

The use of these currently used short chain replacements is likely to belsteattin the
USthe EPA have already begun issuing improvements to national drinking water standards
and revising wastewaters standards for manufacturers in March 2021 and announced in
December 2021 that drinking water utilities are to collect data on 29 perfluorinated
compounds including short chain PFAS such as HIFPé@nd PFBS with the intention of

using this data for further regulatio>!'® The EPA have also published a roadmap to
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addressing PFAS contamination and their commitments through 2021 to 2024 which
includes attention to short chain perfluorinated surfactants such as G¥rK.Europe,
those compounds relating to GenX (HFP®and its salts and acyl halides) have now been

added to the European substances of very high concerftlist.

There have also been studies on significantly less fluorinated compounds as replacement
for long chain PFABr example hydrocarbon backbones with perfluorinated end caps or
branching An investigation into the effect of capping a hydrocarbon based surfactant with

a CF3 found that surprisingly the CF3 capped chains were more wettable to polar liquids
than their hydrocarbon counterparte®It was theorised that this was due to the proximity

of the HGFC bonds creating a dipole at the surface. Capping the end of partially fluorinated
thiols, shown irFgure 16, with a methyl group reduced the hydrophobicity to below that

of both the perfluorinated or hydrocarbon analogues.

M ™M nTmon
M MM MM M

HS HS HS
31 32 33

Figure 16: Compounds used for thehemisorbed monolayer films formed from the
deposition of normal alkanethiols, GEIminated alkanethiols, and methygrminated
partially fluorinated thiols*®

Another paper recommended highly branched fluorinated th{Bigure 17, compounds33

and34) asa replacement fotong chairperfluorinated surfactants$!®
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Figurel7: The Chemical structure of highly branched fluorinated thiol (BRFT) and of linear
1H,1H,2H,2H perfluorodecanethiol (PFDT)

The ether bonds in the core @bmpound33 are intended to increase biodegradability

however questions are raised as to the bioaccumulation of the resulting molecules which

may potentially be ultreshort chain forms of the current perfluorinated pollutants. In other

papers perfluorinated surfactashave bey’ a4y i KSAAASR ¢6AGK WgSI | |
ether bond to enhance biodegradation of the molecule however the degradation products

raise the same concerns over environmental persistence and at this point their degradation

data remains unpulsdhed?!?°

An additional issue with e linesof alternatives is that the performance of perfluorinated
surfactants is greatly depeedt on the chain lengti?! Decreasing chain length is known
to reduce hydrophobicity andepellenceof perfluorinated surfactants. Theroposed
replacements ardess effective shorter chain perfluorinateirfactantswhich will also
persist in the environmenand therefore kear no advamage other than avoidance of

restrictions

Moving away from perfluorination completely, series of novel polymers with highly
branched sixane units (Figure 18, compound35) providing an oleophobic and
hydrophobic layer close to that of fluorinated chains were reported bytai*??in 2017

as a possible PFA&placement To achieve the an#tain properties with an 80,000 g mol
molecular weight copolymer a 20%/wt concentration was needed to achieve good anti
stain performance and with a 9000 g maholecular weight polymer the copolymer
required was 50% wt. With increasing™he surface tension of the polymer decreased to
its minimum at 13 mN mdlachieved with a 72% molar ratio ofsW Although a more
efficient copolymer which required less loading would be desirable #multing surface

tension is similar to that of fluoropolymers.
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An investigatioris needed ito the migrating ability of the monomer for use as a polymer
additive could open a pathway to reducing the loading, and as a result the expense, of the
polymer.Also, nore needs to be established about the biodegradability of th& kblymer

in order to establish this route as a viable replacement for long chain PFAS.

Figurel8: Polymer chain with M3T side chdfft

Arguablythe application of PFAR the most urgent need for abolishmeitt infire-fighting
foams?® Access tdirefightingfoams is essential to safety and during use theyreleased
directly into the environment? 12Thankfully there are already replacements available for
PFAS irirefighting foams in the form of zwitterionic betaines, alkyl glucose amides and
organosilicones among othet&?® Firefighting foams originally incorporated PF/A
because they can provide the very low surface tension in agueous solution enabling a
positive spreading coefficient of aqueous wg@n over solvents. This traps the solvent
vapors which feed the fire and therdi is extinguished. They are also useful for this
application because they are thermally stable at high temperatéfr€kioride containing
firefightingfoams are resistant to destabilization from oil droplets aherefore generally
superior to fluorinefree formulations,however studies show thawith alterations to the

foam expansion ratio the performance of the fluorine ffeemulationsare comparablé?>

127

In the biomedical imaging, drug delivery and coatings research areas much work has been
done to find replacements for PFAs. Shorter chain PFAs and fluorotelomers have been
trialed in theseindustries,however t has often been found that they do not perform as
well as long cain PF/Aand are also likely to be legislated against in the near futBoeme
natural amphiphilic compoundsom microorganisms such as bacteria, yeasts, and fungi
have also been trialled as PFAs replacemé&iits® They showed low toxicity andood

biodegradability. The most widely studied would be thehospholipids(i.e., egg yolk
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phospholipids) Several natural proteins are currently used as foaming agents and
surfactants in food processing, cosmetics, medical and pharmaceutical applicaijids.

basedc2 f t 2ARI f 0dz006f Sa 6 Yor Mt dad dréadnér@ of | NB
cardiovascular diseases. However, they generally do not reseal after rupture, but their
stability is improved by adding DNA or a prot&tPerfluorocarborbased artificial oxygen

OF NNASNE oO0Wof 22R & dzndstibe nadAdxcaRerfludrMatet organidci S 0 f 2
compounds are not soluble in water and their intravascular carryover requires their
emulsification by using a thin surfactant lay€he natural surfactants used for this purpose

are egg yolk phospholipide.g. Oxycyt® Oxyfluo®and Oxyger®) and poloxamersg?

In conclusionthe unique properties of perfluorinated surfactantsakes it unlikely that a
similar class of compounds could be made with similar properties without incurring similar
issues surrounding bioaccumulati@md their diversified usemeans thatmuch workis
neededto find alternatives.lt seems to be apparent that the individual needs for each
application be carefully considered while choosing replacements as a blanket set of
replacementcompoundsis unlikely.Some application specificurrent aternatives on the
market are satisfactory however some are problematic and cast doubt upon future viability
due to concerns over the biodegradability and health effects of the replacensadée
stepping legislation in this way is neither good for public headthfor long term business
gains.Although some acceptable substitutions have been foumere¢ remains a large
market for appropriate or superior replacements for perfluorinated surfactants in their

diverse portfolio of applications
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1.3 PROJECT OUTLINE

The aims of this project are to design and synthesise alternatives to persistent,
bioaccumulative and toxic long chain perfluorinated surfactaAs idealcandidate to

replace long chain PFAS would take into acceli@tdegradation products and therefore

would avoid the integration of Gand CEgroups which have the potential to form short

or ultra-short chain PFAS as previously discussed. Other groups such as silicates which may
pose undesirable health risks or be persistent in the environrbanthe analysis of which

are outside of the scope of this woake also eliminated from consideration.

From a green chemistry perspective making use of the circular economy and developing
alternatives to PFAS from biomass waste is ideal and can be achieved through the use of
platform molecules.To identify synthetic targetswvhich could potentially share similar
properties to long chain PFAS a computational ,tdéEPiPwas used to analyse the
contributions totheir intermolecular forcesUsing thigool, it is possible to compare the
contributions to intermolecular forces of PFAS with other compounds andetie

identify potentialsynthetictargets.

1.3.1 HSPIP

The Hansen solubility parameter in practietSPiPsoftware is based on Hansen solubility
parameters which were first outlined by Charles M. Hansen in 1967 and allow the prediction
of solubility based ofquation 1 which takes into accourtispersion force$ + Ridletular
LISNX I ySy G RA LR faBdhydnfgersleddi@oiiARy a 61 LI

HSPiRassigns a molecule adinatesg A § KAy o RAYSyaizylft Wi lFyaSy alLl
0KS Y2t SOdzZ SQa LINB&adzYSR FoAfAde (G2 KERNRASY o02YyR
Van der Waals and dispersion forces. Theombnates allow comparison with other

Y2t SOdzZ Sa | yR 20zaSya3 tIAKS QPEIAKIS2 NBA &8 Yy IA @GS | 322R

is for a solute to dissolve in a solvent. This softwae beenwidely usedfor the screening
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of solvents and the estimation of interactions and incompatibilities between matdrials
areas such agrinting applications, solubility, surfactants, polymers, nanocoatings,
rheology and many mor&3® This software has also been used as a tool to chose

appropriate green solvent alternatives.

When plotted in 3dimensional space the HSPIP softwargesthe HansenSolubility
Parametersto give a visual representation of how similar intermolecular interactions of

different species are, which can be further defined through the use of vectors.

There is a limitation in theapplicationof Hansen Solubility Parametersthis case athe
amphiphilic nature ofsurfactantsmeans they have two zones with distinctly different
solubilities. ie HSPiP coordinates are calculatadtaking anaverage over the whole
molecule therefore theinteractiors areis going to cancel oubr partially cancel outthe

two distinct parts of the surfactant and not give an accurate picture of the solubility of the
head or the tail groupTherefore,in this instance théail groups have been isolated for the
calculation of the cardinates, to provide a more accurate view of the Hansen space PFAS
lie in.

The Hansen solubility sphere method was used to measure the HSPs of antifoaming agents
and a foamforming surfactant based on HSP theory and the defoaming effedthe
Hansen Solubility Parameters (H8Rf also usedo predict surfactants adsorption on a
solid surface in inkjet printing process€’ The quality of inkjet printinglepends orthe
wettability characteristics of the printhead and the surface tension of the kignce,
surfactants are added to the ink solutions to reduce the surface tension and improve the

spreading of the ink droplet.

This computational tool can be used to assess potential surfactants and attempt to move

towards the Hansen space occupied by perfluorinated surfactants shokiguire 19.
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Figure 19. HSPiP plot of perfluorocarbons and hydrocarbordydrogen bonding
contribution on the Xaxis, moleculapermanentdipole on the yaxis and dispersion forces
(Van der Waals forces) on theaxis.

As expected, the hydrocarbons occupy a space away from the perfluorocarbons due to Van
der Waals or dispersion forcesor simplicitythe hydrophobic tail section othe
perfluorinated and hydrocarbosurfactans inFigurel9 have been plottedn isolation This
removes theinfluence of the head group on the polarity of the molecule, especially on
those of smaller molecular volume. For fair comparisither a common head group must

be shared oall ofthe tail groupsmust beplotted in isolation.TheHSP ttance described

using a vectorpetween perfluorooctanoic acid and octanoic asd.43 Thesestructures

differ only by exchange of fluorine for hydrogen the carbon backbone

A database of 10,000 organic molecules provided by HSPiP was searched in order to
investigate molecules that may have occupy similar Hansen space and have similar
molecular interactions to perfluorcarbons. The HSP value range for the perfluorinated

molecuks available in the database was entered into the search engine to locate molecules

within the same HSP space.

The search resulted in a list of short chained hydrocarbons (C < 6), highly branched short
chain hydrocarbons, siloxanes, silanes and some chlorine and bromine containing highly

fluorinated small organic structures for exampléorbomoperfluoroheptane. Thespace
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occupied by these structures is shown FHgure 20, all with very low polarity, hydrogen

bonding and dispersion (Van der Waals) forces.

Figure20: HSP plot for molecules found within the range of HSP values observed for
perfluorinated structures

Figure20 containshydrocarbons of increasing chain length alongsilllenolecules present

in Figure 19which occuped the desirable HSP space enabling high hydrophobicity and in
the case of perfluorinated @micals, oleophobicity. The chailength necessary for
adequate surfactancy is at least 6 carbons, those hydrocarbons above 6 carbons can clearly
be seen apart from this group. As chain length increases and the effect of dispersion forces

increases, the hydrocarbons move away from the spalong the dispersio(D)axis.
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Figure21: HSP plot containing hydrocarbons, perfluorinated molecules and molecules
occupying a similar HSP space to perfluorinated molecules

Clearly longer chains will be necessary however it may be possible to achieve the same HSP
distance from water as perfluorinated molecules. This would forego oleophobicity of
course. Another option would be to assess the use of highly branched tail greoypsver

packing at a surface greatly contributes to the efficiency of a sufactant especially when used
for repellency and branching may counteract that. Additionally, highly branched materials
are often found to be noibiodegradable'l® 1*8Some of the siloxanes and silanes found in

the search are currently being legislated against by REACH and thehefeeebeen

removed from consideration as target moleculegtssy may have poobio-degradability.

Currently most tail groups are alkyl chains derived from triglycerides such as those in
coconut and palm oil. An argument can be made against the use of extracts and in favour

of using waste through the food vs fuel argument.
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1.3.2 The route to hydrophobes from fuel precursors and the role of the

hydrodeoxygenation stage

The movement within the chemical industry to produce chemicals fremewable
resources has produced a vast amount of research in recent Y&dfs Most notably
within the energy, biofuel and aviation fuel industri#s*148 The U.S. department of
energy aims to have biomass feedstocks responsible for the energy supply of 5% of the
country, 20% of the transportation fuels and 25% of chemicals by 2030. The aviation fuel
industry is under constant pressure to reduce carbon emissions as they are a majo
contributor and are therefore vital to the global efforts to reduce emissions. To achieve this
goal biomass has been identified as the most abundant renewable resource and therefore
of great importance. For ethical reasons, to avoid conflict with thedf@ooduction
industry, waste biomass is most suitable for use as a feedstock. However, complications
arise during processing due to the immense variations in biomass feedstock and therefore
AlQad OKSYAOIT O2YLRaAaAlGAZ2Y D

Many industries already use biomass resources in the form of extracts such as oils, dyes,
tanning terpenes and triglycerides. A variety of personal care products, including hand
soaps, deodorants, body lotions, skin moisturizers, shaving creams, perfumes, lipsticks, and
shampoos have been manufactured from biological sources. Animal fats, vegetable oi
plant fragrances, and other botanical ingredients are widely used to produce these

biocosmetis 1*°

Although some compounds can be extracted at high quantity and are already industrially
establishedthese industries can also come into direct competition with the food chain in
some instancessuch as the use of coconut and palm oil in the production of surfactants.
This ethical confliction combined with the abundance of waste biomass available globally
as a raw materiamay shift the focus of these industries onto chemical alternatives
derivable from platform molecules as opposed to extragisis becomemcreasingly likely

as he body of research forming around platform moleculegeasesThiswork intends to

use the researchinto renewablefuels as a springboard for the production of longer chain

hydrophobic moleculefor other usessuch as synthesis of surfactants
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1.3.2.1 Lignocellulog biomassas a feedstock

The most abundant component of all biomasgardless of origin is lignocellulose, itself
composed of three distinct components; cellulose, hemicellulose and lignin. Cellulose and
hemicellulose account for ~%owt/wt of lignocellulosic biomass and it is from these that
the US department of energy identified top valadded chemicals from biomass in a report
from 2004 which aimed to unite and focus research efforts. The majority of those identified
are classed as platfm molecules, a group of base chemicals that the industry can produce
in one step and at scale from biomass and use as raw materials for the production of other

chemicald?®

1.3.2.2 Transport fuels industry

The aviation industry accounts for a very large proportion of carbon emissions has become
a heavily funded avenue of current biomass research. This industry will also be a driver for
the production of biomass derived platform molecules because of the lgugatities
required year on year which are only increasing in demand. A key synthetic step between
platform molecules and fuels is the elongation of thead G carbon chains derived from

the cellulose, hemicellulose and lignin biopolymer units. Intégnaof fuel and value

added chemicals into the biorefinery concept are key to making biorefineries economical.

For this reasorthis studyinvestigates someurrent opportunities for functionalization of
these elongated compounds synthesized as precursors to aviation fuels to produce other
functional compounds. The hydrophobic nature of aviation fuels lends itself well to
functionalization of precursors to Hactants, bioplastics, lubricants, pesticides and

adhesives amongst others.

There are already established routes to aviation fuels from oil, syngas, alcohols and sugars.
Of these routes from oils and syngas (tdlget and syngaso-jet) are commercialized and
have approval from ASTM method D7566 to blend with aviation'fdéf! Others, such as

sugars to aviation fuels are not yet commercialized and remain an area of intense research.

While the synthesis of aviation fuels is a definite area of interest the synthesis of branched
hydrocarbons for use as renewable gasoline is also of great interest as the main

components of aviation fuels are linear alkanes. Given that branched andéilkaaes are
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prominent in current renewable gasoline research, there has been an extensive review of
current methods elsewher&’ and therefore that shall not be discussed here however we
endeavour to shed light onto opportunities to further functionalize molecules before the
final deoxygenation and reduction stages which commonly eliminate interesting and useful

functional groups.

1.3.2.3 Missed opportunities

Many studies have been undertaken into the most logical routes to the many complex
chemicals that must eventually be produced from biomass should the circular economy be
properly employed and the world were to move away from using fossilized carbon and ont

dzaAy3a WySgsg OFNDb2yQ FT2NIFtf 2F Ada LRsSNE

a tool named the Biologic Todt2 This tool enables direct comparison of the atom

SO2y2YASa 2F NBIOGAZ2Y LI dKglrea yR |tf2ga

reaction pathway. This tool allows us to choose the best synthetic starting point in the view

of atom economy, an imgrtant green chemistry metric.

Commonly lignocellulosic biomass is treated in acidic media in order to convert it to
platform molecules such as furfural and methyl ketones. To increase the chain lengths in
order to produce efficient and high value fuels the platform molecules commardgngo
GC coupling reactions such as aldol condensétfpriMichael additions, Dielalder
additiong®, Guerbet reactioft®, Robinson annulatiod® and oligomerizations’. Aldol
condensations usually utilize basic catalysts and the incompatibility of these catalysts with

the up-stream acidic catalysts increases processing costs.

1.3.2.4 Aldol condensations

Utilization of aldol condensations becamepular as a method of elongating the shogt C
and G units derived from cellulose and hemicellulose for fuel production after the
pioneering work of Hubé?® Dumesit® and Corm&° who studied the chemistry of
producing liquid alkanes frofmomass derivedxygenated hydrocarborend the chemical
engineering challenges associated withAitdol condensations have good atom economies

and there are a range of wadktablished enolisable molecules derivable from biomass such
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as furfural, cyclopentanone, methyl isobutyl ketone ankdeXanone. In particular, furfural
has had a lot of attention as a platform molecule for fuel production due to its established
large-scale production. Thes@;soxygenates produced and isolated prior to the HDO step

retain heteroatoms, ketones and unsaturation.

Aldol condensations are commonly base catalysed, often with recyclable solid catalysts
have good atom economiesn-line with the principles of green chemistry. The aldol
condensation of furfural and acetone has been studied under numerous basic catalysts
including piperazine, aminopropyl triethoxysilane and triazabicyclodecene (TBD) of which
TBD gave good yields with 100% casiaen of furfural and 100% selectivity to the single
aldol product in one hour under mild conditiaH8 Scheme 1 shows a potential mechanistic
route to the acetonégurfural aldol condensate under basic conditiomBe synthesis dhe
double aldol producthas also been investigatedsing a porous organic framework
enhanced with Sgas a catalyst, deviating from commonly used basic catalysts, however
the conversion of furfural was low (25%) and the selectivity to the double aldol product
(35%) also poor2

o) o}
| o} NaOH, 40 °C, 1h
o) + )J\ o) A + Hy,0
\ 98% \ |
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Schemel: Aldol condensatioscheme and mechanism betwe&nfural and acetone

A far superior yield of the double aldol produy&cheme 2pf 97% was achieved over 5
hours under very mild conditions (40 °C) using a homogeneous catalyst, sodium hydroxide,
which was found to have good recyclability after filtration and was used 5 times without

appreciable reduction in yieltf3. The same study applied a further three steps, selective
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hydrogenation, further aldol condensation and hydrodeoxygenation, to obtais @kane
suitable for use as a higjuality lubricant. Under optimal conditions an 83.8% yield was
obtained for the @aldol adduct under mild conditions. The resulting oxygenate retains

conjugation over 12 carbons, two furanic branches and a ketone group.

0 NaOH, 40 C, 5h Q
O A + 0 O X Va (o)
\ \_ 97% \ |y
38 36 39
Single aldol product Double aldol product

Scheme2: Cross aldol condensation between furfurd) @nd the product of the aldol
condensation of furfural and aceton8)(

An investigation focusing on replacing NaOH with dudisie catalysts due to the technical

and environmental advantages of heterogeneous catalysts used the aldol condensation of
furfural and cyclopentanone as an example. It was found that when comparing:®d;-/Al
CaO, MgO and hydrotalcite derivatives that KikdAlvas the optimal catalyst and produced

a 95% yield faster under milder conditions (2h, 333 K) than seen b¥forfgthanol was

used as a solvent and thus more waste is produced than the solvent free methods and an
additional separation step is requirdtbwever the low cost and availability of biomass
derived ethanol and improved efficiency of reaction reducing the energy demand partially

mitigates this.

An elegant solution put forward by Lét aluses a deep eutectic solvent which can be used

to convert biomass to furfural at low temperatures and after addition of cyclopentanone

catalyse the aldol condensation producing C10 and C15 fuel precdfaofdhe optimal

conditions identified produced a 92% combined yield (C10 and C15) at 100 °C for 120
YAydziSad ¢KS AYLNEJGSRUBSFEFFT AONBFORA AYNRY | Mlyd d
precursoropensup synthetic opportunities for these compounds once isolated through the

ketone and furan functionality for hydrophobic compounds.
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Scheme3: Furfural and cyclopentanone aldol condensation products using a deep eutectic
solvent to yield C10 and C15 fuel precursors

Solvent free conditions over a solid catalyst have been studied by \&taald®. Lower
yields were recorded at®®6 and 37% for the C10 and C15 furfural and cyclopentanone aldol
products respectively and the reaction times longer. The optimal conditions were 60 °C for
6 hours at 0.4 g of catalyst (Nafion) per 60 mmol cyclopentanone. The water produced from
the aldol ondensation may have promoted hydrolysis and polymerisation of furfural
forming humins which blocked the catalyst pores and stopped the reaction coming to
completion. If the end goal was in fact these fuel precursors thafid solvent free
conditions are more favorable in terms of safety and waste production however further
study into reducing the humin yield and therefore in theory increasing the product yield

would be necessary.

Recent further work by Wanet al studied a recyclable dual catalysis system incorporating
simultaneous hydrogenation to the aldol condensation of cyclopentanone and furfural over
Pd/C and CaO. A carbon yield of >98% was achieved for the partially hydrogenated dual
aldol condensate in sadnt free conditions with 4 MPagtdt 423 K after 10 hours. The HDO
step to convert the oxygenate to fuel (86.1% carbon yield) produced a fuel with density of
0.82 g mtt and a low freezing point (241.7 ¥J. This work intends to intercept and isolate
compounds such as the double aldol condensate from Scheme 3 and use them as a
hydrophobic tail group for surfactant synthesis instead of following with a HDO step to

create a fuel.

Decalin, another common fuel compound, igaditionally synthesized through the
hydrogenation of naphthalene derived from fossil fueBecalinis used as a high
performance jet fuel and as an additive to lower grade jet fuels due to the high thermal

stability and low freezing point. As a bioderived dinpeplacement decalin can be derived
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from furfural via cyclopentanone followed by salflol condensation, HDO and

isomerization &cheme4)*68,

0 Self-aldol o HDO Solvent free
o condensation isomerisation
\ / \o R —_— =~ —_— B —
Decalin
36 40 43 44 45
Furfural Cyclopentanone

Schemed: Synthetic route to decalin fronthe hemicellulosécellulose derived platform
molecule furfural

A plausible mechanism for the reductive rearrangement of furfural to cyclopentanone is

shown in Scheme 5:

o O H (S m+ mHoﬂf‘
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Schemeb: Mechanismfor the reductive rearrangement of furfural to cyclopentanone

The seHaldol condensation (68.5% carbon yieBtheme 6 LINR2 RdzOSa |y SELJX 2
unsaturated ketone withlthe potential for further condensation to a higher carbon number

which is lost in the subsequent HDO reaction.

%@%%%%

Cyclopentanone

Schemes: Mechanismfor the selfaldol of cyclopentanone

Cyclopentanaoe can be synthesized on a large scale from the selective hydrogenation of

furfural and was used by Sheagalto produce bi(cyclopentane) and tri(cyclopentane) at
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95.6%combinedyield for use as high density aviation fugeheme 73°° Cyclopentanae
undergoesself and cross aldol condensatiand yields C10 and CkBtones. Cecatalysts
magnesiumaluminium hydrotalcite (MgAHT) and Raney Miere the most successful and

also catalysed the hydrogenation of the ketones to C10 and C15 alcohols to produce a total
yield of 96.7% yield of C10 and C15 oxygenates. Hydrodeoxygenation of the oxygenates

produaesalkanessuitable for use as jet fugl

0O

O o) ﬂ o)
|:l§ . N _ 40 N .
Self-aldol Cross-aldol HDO
40 43 47 48

Schemer: Preparation of bicyclopentane and tricyclopentane from cyclopentanol.

A process has recently been established and reported byetLal which enables the
conversion of cellulose derived Zfexanedione (separation yield of 71.4¢p)atform
molecule) to a mixture of C12 and C18 polycyclyoalkanes through addition of hydrogen over
a catalyst bed in a onpot process with a carbon yield of 74.64sually,this process is
carried out in a series ofsteps, first a intramolecular aldol condensation to
methylcyclopentenone then hydrogenation followed byhe GC coupling reaction(selt

aldoland cross aldglknd finallyhydrodeoxygenation (HD@J shown in Schen&

Self-aldol Cross-aldol
condensatlon condensation
0]
ﬁr *ﬁ%@h -
49 53

SchemeB: Conversion of 2/hexanedione to polycyclic alkanes via @ process over
dual catalyst bed

The HDO reaction removes functionalities required #&2 Gouplings and therefore finding
a one pot solution has beeglusive however through use ofumique dual catalyst bed Lui
et al have combined the two processes to increase efficiency and save efi&fgis results

in a mixture ofC10 and C1products prior to the HD@tep. The products(l, 52) are of
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potential interest as surfactant hydrophobes with suitable functionality available for the

addition of a head group through the ketone.

Mg-Al-O*
o Toluene

54

R = (CH;),CH3

Schemed: Self and cross aldol condensation produ8i 56, 57, 58) of 2-hexanone %4)

Saciaet al produced a mixture of highly branched GC28addition products(Scheme 9)
from 2-hexanone %4) in toluene over MeAIFO, a catalyst produced by calcination of
hydrotalcite at 700°C for 2h with an oven ramp rate of°€ per minute'’® The products
(55, 56, 57, 58) were then hydrodeoxygenated by Saeiaalto produce high density fuels.
The highly branched cycli&6, is a structure of interest in this study as the branching may
increase hydrophobicity and is oriented in a more fixed merby the ring. The i
unsaturated ketone 066 could act as a Michael acceptor for the addition of a head group

to form a surfactantvith a highly branched novel hydrophobe.
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1.3.2.5 DielsAlderreaction

Fusedring systems with high densities for advanced jet fuels can be derived from the Diels
Alder reaction ofbiomass derivable2-methylfuran (2-MF, 60) and dicyclopentadiene
(DCPD61) at 150 °C over a zeolitatalyst'’*1’2 The DielsAlder yields a range of fused
ring systemg62-67, Schemel0).

0~ % 0y 0o~ P2
00—

w00 — 600 - Tp

SchemelO: DielsAlder products of cyclopentadiene, dicyclopentadiene afdR2

Compounds64, 65, 66 and 67 preserveheteroatoms derived fron-MF, 60. The ether
could be targeted to add a surfactant head grotipe authorsconcluded that this mixture

of compoundshad superior characteristics thavidely used jefuel JP1G/*

The route to cyclopentadiene involves the rearrangement of furfuryl alcohol followed by
hydrogenation and dehydration. The sélfelsAlder of cyclopentadiene produces a bicyclic
system(61, Scheme 10yith 95.5% vyields, the product of which can be hydrogenated and
sold asan alternative tabio-derived JPLO, a highquality, highdensity jet fuel.

Scheme 11 shows the route to a spirocycloalkaf®) through the MannickDielsAlder
reaction of biomass derivable starting materidtsrmaldehyde 87), cyclopentanond40)
and cyclopentadiene5Q).1”® The reaction, carried out by Pand coworkers, used a
recyclablezeolitecatalyst with arSi/Al molar ratio of 13@ver which the product,73, was
afforded at80.9%yield.!”® Pan and coworkers found that3 had ahigher density and

volumetric neat heat of combustiaimhan JP10, a welknown and popular jet fuel.
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Schemell: MannichDielsAlder route to C10 spiroalkane precursor to high density. fuel

Scheme 12 shows hodRr10 can be derived frorbiomass vidhe MannichDielsAlder of
hydroxycyclgpentenone (68) andcyclopentadieneq9) followed by a hydrodeoxygenation
step to yieldbioderived JALO, compound’5. Compound74, prior to the HDO stepetains

a hydroxyl and ketone group which is ideal for addition of a surfactant head group.

L 0
59 7 L%
HO
74 75

Schemel2 The MannickDielsAlder addition of biomass derivdd/droxycyclopertenone
and cyclopentadienés9)
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1.3.2.6 Hydrodeoxygenation

Onepot HDO of biomass is currently a hot topic of research intended to reduce costs and
energy consumption when converting biomass to fuels. Furfurylidienelevulinicacite
derived from furfural and levulinigcid which are both widely produced from lignocellulosic
biomass$’“ Using furfurylidenelevulinic acid as a starting material, such gohsynthesis

is reportedby Liet alin with a 93.16% yield of nonane and decane achieved at 170 °C for 4
hours under 3 MPa of #1"* Their process was developed around usinBdC catalyst
combined with phosphotungstic acid (HPWowever, after just 30 minutes the overall
yield is 60% and the reaction mixture consistagbroximately20% -decalactong76) and

30% decanoic acid. These molecules can be further functionalizidddually or as a
mixture, for use as surfactants and other products which may be of higher value than

nonane and decan&* This would also save energy by reducing the heating time.

T

76

Schemel3: Chemical structure of-decalactong76).

1.3.3 The scope of possible stang materials for innovative hydrophobes from

biomass

Perfluorinated surfactants have had widespread application due to ttie@mical and
thermal stability,high surface activity at low concentratioand both hydrophobic and
lipophobic characterHowever, their high stability resulted in them being labelled as PBTs
(persistent, bioaccumulative and toxi®)Due to their easily migration and persistence in
the environment, these mamade perfluorinatedsurfactantshave shown toxicity to
humans and animals and were found in blood and tissDesen by the increasing need
for fluorinated products in everyday life and their letegm toxicity to humans and
environment, theinterest ofscientists in replacing these compounds with safer alternatives

has increased over the yea¥: 128 175

Several structures taken from biofuel research have been proposed as potential synthetic

starting points to synthesise novel bioderived surfactants with the aim or replacing
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perfluorinated surfactants for water repellent applications. The structures chosen, shown
in Scheme 14, are structures intended to undergo hydrodeoxygenation to produce dense
alkanes for use as jet fuelBompounds6, of Scheme 14a structure synthesised by Sacia

et al’°(Scheme15) intended as an aviation fuel derived from biomass was choséneas

initial synthetic starting point.

O

HO

Schemel4: A collection of structures from the literature review

Thisstructure was investigated by Saeiad coworkersvith reduction down to a gasoline

like hydrocarbon structure as the eventual goal. However, this misses the opportunity to
make use of the diverse chemical functionality, particularly the potential to add hydrophilic
units via either the ketone or the Michael accepting centre. Based on prior expertise and
interest in the group regarding Michael accepting compounds we targeted this cyclic

branched compound derivable from sequential aldol condensations of fatty ketones.

Mg-Al-O*
o) Toluene

54

R = (CH3),CHs

Schemel5: 2-hexanone %4) condensation and cyclisation reaction. Reaction conditions
taken from Sacia et al-exanone %4, 2 mmol), toluene (3 mL), 200 mg cataly#fig-Al-
O = calcined hydrotalcite
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The additional hydrocarbon chains56 of Scheme 4, compared to that in a conventional
linear tail group, are intended to improve hydrophobicityThis structure also introduces
the concept of using a ring to increase hydrophobicity whilst using space to keep the

structure away from the Hansen space of conventional hydrocarbon chains.

The starting material,-Bexanone %4), can be derived from biomass, as can other ketones
OFLI 6tS 2F dzy RSNH2Ay3I GKS alyYS NBIFIOGAzZY
unsaturated ketone. Hexanone is accessed from biomass by dehydration of glucose,
forming the platform molecule $hydroxymethyl) furfural (HMF) followed by
hydrodeoxygenation in high yield to 2¢emethylfuran (2,5DMF, 87). From 2,5DMF(87),

ring opening hydrogenolysis yields! with 98% selectivity. Additionally, longer chain
methyl ketones are accessible via the DaWest reaction of enolisable carboxylic acids

(such as fatty acids) with acetic anhydride in the presence of Yase.

The cyclic condensation products frés, compound$5¢58 of Schemel5, show promise

4 KAIKEfE& KeéRNERLIK?20 A Cunsarrat&Geziné sites lawgilRblefas @ S

points to functionalise for the creation of a head group. The structure, a highly branched
cyclic with head group connectivity direct to the ring, wouldguce a novel surfactant

should the resulting compound exhibit surfactancy once a head group is added.

The structures of the expected products from the condensation and cyclisaficare
shown in Schemel5. Compound54 undergoes an aldol condensation forming four
diasterioisomers, which then form cyclic trimers, through either Michael addition or 1,2

addition (dependant on stereochemistry) and subsequent cyclisatigmoduce56.

Scheme 16 shows some potential routes to surfactants from compb@nél range of head
IANRdzLJA O2dzZ R 0% BRI R dzd inSR K62y S +a |
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81 83

Schemel6: Possible reaction routes to surfactants frooompound 56, synthesized

through the aldol condensation &#.

Thereview of biofuel researcAnd computational predictionim HSPilas led us to a range
of potential structures which may have stronger hydrophobic effect than conventional
linear chains. Based on prior expertise and interest in the group regarding Michael
accepting compounds we targeted a family of cyclic branched compounds derivable from

sequential aldol condensations of fattgtlne.
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1.4 CGONCLUSION

tC!lQa YI 1S dzyAljdzS |yR LIRgSNFdzZ adzNFIOGlyha

performance by biodegradable surfactants. This is because perfluorination leads to several
desirable traits for a surfactant, namely excellent thermal and chemical stability and
excellent surface tension reduction. These desirable characteristics however, go hand in
hand with the toxicity and persistent nature of perfluorinated surfactants. Therefore the
aims of this work are adjusted to synthesising alternatives to PFAs wiciéptany that
performance is unlikely to be matched or improved. A more realistic aim therefore is to
improve on the performance of traditional linear alkane surfactants while maintaining

biodegradability and applying green chemistry principles.

The principles of green chemistry run through the core of this project to design safer

FfEAOSNYFGADGSa (2 LISNFEId2NAYFGSR adaNFIFOdlyidao

and are a real threat to public health. Designing safer alternatives letmsemeral green
chemistry principles such as prevention, less hazardous chemical synthesis, designing safer
chemicals, design for degradation and inherently safer chemistry for accident prevention.
The design process considers the toxicity and persistaature of perfluorinated
surfactants and endeavours to avoid their manufacture through provision of alternatives.
The synthesis design at the outset is inherently less hazardous as fewer hazardous materials

are used and produced.

Principle 7, concerning renewable feedstocks is also incorporated. The choice of feedstock
is lignocellulosic biomass which is both abundant and renewable and therefore all starting
materials for final products are derivable from biomass. Choosing ligntmst biomass

as a feedstock has several advantages. It is sustainable and renewable and promotes the
circular economy model as it can be sourced as waste materials from other industries, such
as forestry. Lignocellulosic biomass is also abundant andftive cheap as it is also a waste
material. Choosing to use a waste feedstock to synthesise speciality chemicals such as
surfactants would also increase value significantly and strengthen the economic viability of

the biorefineries which currently produgeatform molecules.

Biofuel research typically takes platform molecules and utilises their functional groups
(which traditional base chemicals lack) to perfors@ Coupling reactions to produce longer
chains before a final hydrodeoxygenation step to remove any unsaturatidmay oxygen

containing functional groups to create a fuel. This work intendsike the products from
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the GC coupling step before removing the functional groups such as alcohols and ketones
to use them as the hydrophobic portion of surfactant molecuBeseral potential synthetic

starting points have been suggested from structures taken from biofuel research.
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Chapter 2

2 SYNTHETIC ROUTES TO NOVEL HYDROPHOBIC SURFACTANTS
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2.1 INTRODUCTION B®NTHETIC GOALS

The aim of this work is to synthesise novel biobased surfactalnitshare able to fill a gap

in the market created by the heavy regulation of toxic and environmentally persistent
fluorinated surfactants. The unique characteristics of fluorinated surfactants include
resistance to stains through creation of hydrophobic andopl®bic surfaces and
resistance to thermal and chemical decomposittétiThere are many uses of fluorinated
surfactants which utilise these unigue characteristics which now require replacements. This
study does not aim to replicate all of these characteristics. Designing another thermally and
chemically recalcitrant structureas a replacement would likely produce another
environmentally persistent compound. This work also aims to elevate the revenues
available from biorefineries, enhancing their validity whilst reducing waste. Given the
nature of the starting materials availablto biorefineries (lignocellulosic biomass),
achieving the combined oleophobicity and hydrophobicity is an impractical and unrealistic
goal. Therefore, the aim of this work is to produce a novel highly hydrophobic surfactant

with an environmentally consated design.

Biobased fuel production is a research area of high priory as many countries aim to reduce
their dependence on petrochemicals. Several studies with this goal produced highly
branched potentially highly hydrophobic structures with the intention to sernveiasased
aviation fuels. The needs of this research area align with that of this work and therefore
have been used a springboard for the synthesis of novel biobased highly hydrophobic

surfactants.

2.2 LIGNOCELLULOSE AS A FEEDSTOCK

Lignocellulosic biomass is a highly abundant renewable resdbroagh waste streams
such as unavoidable food waste and forestry waste making this feedstmiomically
viable Utilizing our lignocellulosic waste streatres the potential to replace the traditional
building block chemicals sourced from crude oil with platform molecules which have a

greater range of structures and functionalifyj.

The primary components of lignocellulosic biomasstheethree biopolymerscellulose,

hemicellulose and lignin which form the basis of the plant cell wall (FRf)re

76



Plant cell

Cell wall

Hemicellulose

/Hemicellulose

Pentoses
o Hexoses

vt o

OH na
L-arabinofuranose "%
OH
D-mannopyranose

OH
p-Coumaryl alcohol

o Sinapyl alcohol
OH

Coniferyl alcohol

Figure22: The structure of lignocellulosic biomass.

Monomeric units can be obtained from these biopolymers to synthesise platform
molecules. The complex structure of lignocellulosic biomass contributesrecifcitrance

to enzymatic degradation. Hemicellulose and lignin provide structural strength and form a
strongly bonded matrix, covalently and through hydrogen bonding, which envelopes the
cellulose. To efficiently utilise the hexoses (cellulose, hemlos#), pentoses
(hemicellulose) and phenolics (lignin) within the biopolymers atgatment process is
considered essential to improve the yields of the individual monomeric units of the

components, such as sugafs.

Because of the variation in feedstock for lignocellulosic biomass there are a variety of pre
treatment methods which can be used alone or in combination with others. The pre
treatment processes can be categorised into four methddshysica) such as milling or
microwave pretreatments, 2) chemical such as acid or alkaline pteeatments, 3)
physiochemicakuch as steam or ammonia fibre explosion djbiological such as through

use of enzyme¥’® 180
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2.3 JUSTIFICATION FOR TARGET COMBBWNID ACCESS FROM LIGNOCELLULOSIC
BIOMASS

A structure synthesised by Saetzal’® (compounds6, Schemel7) intended as an aviation

fuel derived from biomass was chosen as one potential synthetic starting point. This
structure was investigated by Saeizalwith reduction down to a gasolinkke hydrocarbon
structure (compound85, Scheme T) as the eventual goal. However, ttoserlooksthe
opportunity to make use of the diverse chemical functionality, particularly the potential to
add hydrophilic units via either the ketone or the Michael acoeased on prior expertise
and interestin the group regarding Michael accepting compounds we targeted this cyclic
branched compound derivable from sequential aldol condensations of fatty kesimgigr

to ketone54,18+184

MgAIO, toluene, o
150 °C, 3 h Pd/C, H,
)OJ\/\/ T o
54 56 85

Schemel7: Major product of 2hexanone(54) sequential sekaldol condensation with
conditions specified by Saaaal.l”

The additional hydrocarbon chains @ompound 56 of Scheme 1, compared to te
conventional linear tail grougpcommonly found isurfactantssuch as SLE&re intended

to improve hydrophobicity’® This structure also introduces the concept of using a ring to
increase hydrophobicitypy moving away from the Hansen space of conventional
hydrocarbon chains whilst usirige relatively fixed and predictable conformation of the
ring structuregto orient the hydrocarbon chainsOne of thecyclic condensation products
of compound54, compound56 of Schemel7, shows promise asa highly hydrophobic
molecule and ha anh >unsaturated ketone site ag potentialpoint to functionalise for

the creation of a headroup.

The addition of a headgroup utilising theXunsaturated ketonavould result in astructure
that ishighly branchednd cyclic with head group connectivity direct to the ringnhce a
head group is added thgynthesis should yieldreovelcompound whictexhibits surfactant
properties Suggested examples of such structurés, @0, 81, 88 which could potentially

behave as surfactants, are shown below in Schége
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Schemel8: Potentialsynthetic structures to novel surfactants frorh2xanone(54)

The starting material, -Bexanone %4) can be derived fronfignocellulosidbiomass as can
other methyl ketonessuch as butanone, 2pentanone and zheptanone which are all
OFLI o6tS 2F dzyRSNH2AYy3d GKS &alyYS NBIFIOGAZ2Y (2

unsaturated ketonegSchemel9):

Dehydration Hydrogenation Hydrogenation
and and
HO . hydrolysis hydrolysis
o. ,OH H
/ HO 0 O 0 0
'""CH,OH B | Y, R — | —_— )J\/\/
) -3H,0 / /
HO OH
86 16 87 54
Fructose HMF 2,5-DMF 2-hexanone

Schemel9: Synthetic route from fructose to-Bexanong(54) via platform molecule SBHMF
(16).

As seen in Scheni®, 2-hexanone $4) is accessed from biomagsoughisomerisation of
glucose to fructose 86), dehydration of fructose forming the platform molecule 5
(hydroxymethyl)furfural (8HMF,16). This therfollowed by hydrgenation and hydrolysis
in high yield to 2,5limethylfuran (2,5DMF,87). Hydrogenation and hydrolysisf 2,5 DMF
(87) yields 2hexanone %4) with 98% selectivity. Additionally, longer chain methyl ketones
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can be derivedria the DakiAVest reaction of enolisable carboxylic acids (such as fatty

acids) with acetic anhydride in the presence of b¥se.

The initial step towards deriving -f®exanone from biomass is pteeatment of
lignocellulosewhich was discussed earlier in the chapféretreatment methods typically
produce sugars such as glucose and fructose and some platform molecules such as 5
hydroxymethylfurfural (8HMF, 16). A mechanistic route to-BIMF (16) from fructose
(which can belerivedeither from pretreatment yields or from isomerisation of glucose) is

shown in Schemg0:

0. MoH 0.JGor H,0 S0 OH
o) HO HO HO OH 2 HO HO>
H 0 4
HO HO HO

86 %
Fructose Cl

®‘ ””””””” i ol on "
Do N 1 Ho” THO -
; Cl /N\/\OH i m
3 88 ChCl ! HO C\
,,,,,,,,,,,,,,,,,,,,,,,,, o

Base w (x

O 0 Base
/ H / o 5
© H,0 © H,0 HO OH
HO \ / ~— HO y/ HO )

Scheme&20: Mechanism for the dehydration of fructose catalysed by HCldeegp eutectic
solventsystem?!8®

This high yielding reaction (90.3%) is a HCI catalyskedydreaction at 100 °C making use

of fructose(86) and choline chloride (Ch@) as a deeutectic solvent (DES) pairirigeep
eutectic solvents (DESSs) are binary mixtures of Lewis/Bronsted acid and bases which form
a eutectic mixture which has a lower melting point than either pure compounds due to

hydrogen bonding between the twt5®

DESs providexeellent solvation over a wider range of temperatuvdschis beneficial and

aids with the recalcitrance of lignocellulosic biomass a result research is currently
ongoing in using deep eutectic solvents in4meatments for lignocellulosic biomas¥.

DESs are becoming more frequently used in green chemistry applications because solvents
such as ChCI (a common solvent used in DES mixtures) are cheap, have low volatility, are

non-toxic and biodegradable. In this instance the reactant, fructose, alsoasct deep

80



eutectic solvent which interacts through hydrogen bonding with choline chloScleefne
21)_188

Hydrogenolysis produce2,5-DMF(87) from 5HMF(16). As a biomass derived fue,5
DMF 87) hasadvantagesvhen compared to bigthanol and biebutanol, such as lower
water solubility and higher research octane numB&Dumesicand coworkergpublished

a reaction pathway for the hydrogenolysis 26-DMF(87) from fructose (86) with a76¢

79% vyield, using a Cu/Ru/C catalyst in 2807%ince then much research has been
undertaken into efficient catalysithe work initially focussing on precious metals with
some papers seeking ngprecious metal based catalysts for industrial applications such as

copper and nickef®*

A perovskitesupported Ni catalysLFN20)was reported to achieve a 98.3% yield for the
hydrogenolysis 05-HMF(16) to 2,5DMF(87) under optimised conditions (6 hours at 230
°C, 5 MPa Hl. The group reported that the heterogeneous catalyst retained good activity
through 5 cycles and gave an insight to the mechan&uneme21):

0
o | LF-N20 \@/
HO \ 6 h, 230 °C, 5 MPa H, L/
16 87
5-HMF 2,5-DMF
0 OH OH
o |/ Hydrog C-O o Cleave C-O o
HO \ / H, HO \ / H, \
16
5-HMF
Ha Hz Hz “Cleave C-0
Cleave C-O Hydrog C=0 -H,0
-H,0 0
o. | o)
L -
87
2,5-DMF

Scheme21: Mechanism for the hydrogenolysis of HME®) to 2,5DMF (87). Reaction
conditions: perovskitesupported Ni catalyst, 6 h, 230 °C, 5 MBa H

The final step in the synthetic routeom lignocellulosic biomass @hexanong(54) isthe
ring opening hydrogenation of 2BMF(87) to 2-hexanong(54). Work carried out by Louie
et aldemonstrates that the ring opening hydrogenation of-BBIF(87) can be carried out

in a single step and optimised to producéa@xanong54) at 92% yield (Schen®®).1% The
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reaction was carried out in nonanone at 120 °C and 4.1 bar hydrogen with 5% Pt/C catalyst
at 0.2 mol%. The mechanisshown in Schem&2, involves ring opening 2:BMF(87)
through hydrogenation of the O bond followed by tautomerisation of the enol to form

the ketone and further hydrogenation of the alkene to foram@&xanone(54):

H
| tautomerise
/@\ H-H ﬂ\ . enol to ketone
0 Hydrog o) - | = Hydrog
C-O bond e OH Alkene
87 89

Scheme&2: Mechanism for the ring opening hydrogenation of-BMF(87) to 2-hexanone
using Pd/C (5% wt) at 12Q, 4.1 Bakb.

Side products include the fully hydrogenated furan,-@ifsethyltetrahydrofuran, and 2
hexanol which is formed when the enol alkene is hydrogenated followed by the second
alkene. The group found that the ring opening of-B8IF(87) was much faster than the

ring opening of the saturate@,5dimethyltetrahydrofuran 2,5DMTHI and therefore
deduced thathe process shown iBcheme23 representsa plausible route t@-hexanone

(54) from 2,5DMF(87) under these condition$®?

Compounds6 can then be accessed through reactiorbdfover MgAIO in toluene at 150
°CThe structures of the expected products from the sequentiataelbl condensation and
cyclisation of zZhexanone %4) are shown in Schen®8. First, ompound54 is expected to
undergo aldol condensatigrforming two structural isomers, compounds5 and 55a
(Scheme23). Compound®5 and 55a then form cyclic trimers56 and 564, through either
Michael addition or 1,2 addition (depeadt on stereochemistry) and subsequent

cyclisation or Michael cyclisation.
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Scheme 23: Mechanism of zhexanone (54) seltaldol condensation, addition and
cyclisation MgAIO* hydrotalcite calcined at 200 °C for 2 hours.

2.4 PREPARATION OF COMPOUEGRANDS6A

Compound$6 and56a (Scheme23) were identified in the literature revievirom the work
of Saciat alt’°as a potential synthetic starting point for the preparation of a novel biobased

surfactant

2-Hexanoneg(54), was used by Saahalas the starting material for setfldol condensation
and cyclisation in the synthesis of compourisand 56a (Scheme24). The route from
lignocellulosic biomass totZexanone $4) waspreviously explored and established earlier

in the chapter.

The work by Saciat al useda smalscale catalytic screeningethod using 2hexanone
(compound54, 2 mmol), toluene (3 mL) and 200 mg catalyst for 3 hours at 150 °C-n a Q

tube reactor(Figure 3):
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Figure23: Diagram of @ube for small scale reactions (left) and Destark apparatus set
up for scaleup (right).

A Qtube is a small capacity (12 mL) toughened glass tube and septa enabling small scale
reactions torun under pressure. The pressure is not monitored or adjustable and is
produced from the reactants and solvents present at the reaction temperatuthis case

the pressure is approximately equal to that produced by 3 mL of toluene at 150 °C. The
highest yielding catalyst wadsoprepared at gram scale by Saetaalin a flask with Dean

Stark apparatusHigure23). Theconversions of compoun®4 reported by Saciat alfor the
smallscale Qube reactions closely matched dke reported for the scale upAs the
reaction temperature is above the boiling point of toluene and the sedle reaction is

in a sealed environment, there is a pressure difference between the-scal# Gube and

the larger scale DeaStark apparatus. However, no significant mge inconversion ob4

was observed when comparing thet@e and DearStark methodsn their reported work
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The reportedconversions of the starting materiédr the catalytic screening were derived
from GCGFID analysis. MgO, Tiénd calcined hydrotalcite (M&FO)producedthe highest
conversionwith respect to the target compoundselected(cyclic trimers 56, 563 (Table
2):

Table 2: Catalyst screening for the condensation ohé&xanone (1). Reagents and

conditions: 2hexanone (1, 2 mmol), toluene (3 mL), 200 mg of catalyst, 150 °C, 3 hours.
Work carried out by Sacia et al. * calcined hydrotalcite.

Dimer Cyclic trimer Acyclic trimer Aromatic trimer
Catalyst
o Toluene R
s & J@ jE@ ﬁ
54
R = (CHy),CHs + positional + positional + positional + positional
isomers Isomers isomers isomers
Entry | Catalyst | Conversion| Dimers 65) | Acyclic timers 67) Aromatic
of 54 And Cyclic $6) trimer (58)
1 MgO 98 3 69 0
2 TiO 99 0 76 16
3 Mg-Al-O* 100 0 93 0

As seen in Tablg, entry 1, MgOenableda 98% conversion of-Rexanone $4) with 69%
selectivityfor the cyclic trimer target compoundst, 3%of the single aldol condensation
products(dimers,55) and the remaining26%to acyclic trimers and higher acyclic/cyclic
condensation products. Tipromoted a 99% conversion of-2exanone(54) with higher
selectivity to the target compourgb6 (76%) and 0% conversion to single aldol condensate
products However, it also led to the formation df6% aromati@roducts(58) which cannot
undergo functionalisation tiorm& dzNJF I Ol yGa RdzS G2 thds.Qhe 2 F
calcined hydrotalcite (Md@l-O) led to a 100% conversion of-lzexanone(54) with 93%
selectivity to the target compounds and 7% to acyclic trinf@r¥and higher condensation

products.

The scale up conditions utilising the DeBtark apparatus were replicated using standard

lab glassware to avoid incurring unnecessary costs purchasingeQequipment.

The first catalyst investigated was MgO, quoted by Sacia to have a 98% conversion of 2
hexanong(54) with cyclic trimers$b6 accounting for 69% of the products. MgO was chosen

for further studiesdespiteit givinga lower yield of cyclic trimers compared to M§O
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(MgO, 69%; M@I-O, 93%)as it is a cost effective, neémazardous catalyst which the
researchgroup had previous knowledge of handlingalsodid not require pretreatment

in the study by Sackt al.

Using the DeaiStark setup 54, MgO and toluene were charged to the vessel. After 6 hours
of vigorous refluxing (entry Table3) TLC analysis indicatdtht no products had formed

Table3: Reaction conditions for the aldol condensation and cyclisationfaXanong(54).
DeanStark set up* conversiorby mass

Entry Catalyst T/°C t/h Conversion
of 54
1 MgO, KOH 150 9 0
2 MgO* 150 6 <5

It was hypothesised that the catalyst, which is hygroscopic in nature, may have taken on
some water or that a stronger base was need&d.increase basicity, KOH was added, and
the reaction heated at reflux for a further 3 hours. No product formation whserved
again when analysed ByLC. To workip the reaction, the reaction mixture was filtered to
remove the catalyst and the solvent removed by rotary evaporation.'HhdMR spectra

of the material recovered identified it as starting material with unitiéed minor

impurities.

As water is produced during the condensation reaction and the catalyst was in a previously
opened bottle, the catalyst, MgO, was calcined for 2 hours at 450 °C pribe teecond
attempt (entry 2, Table) to enhance the surface area and drive off any water present
which may have lowered theeactionyield. The reaction was repeated with the calcined
MgO (entry 2, Table3) and after 6 hours reflux a product spot was noted on the TLC. The
reaction mixture was worked upowever a much smaller than predicteaimount of
material was recovered. THé&l NMR of the recovered material however showed starting
material with a high level of impurities. As the yield was much lower than expected no

further purification was carried out and a different catalysisselected.

The lydrotalcite derived catalyst (M@Al-O) was selectedo replace MgO because the
catalytic screening by Sa@talreported al00% conversion ofBexanone, 93% selectivity

to the target compounds and 7%rmation of acyclic trimers whictalso haveli KS h X
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unsaturated ketoneneededfor the addition of surfactant head grougretreatment is
required to activate athie hydrotalcitewhichwas calcined at 700 °C for 2 h with an oven
ramp rate of 2 °C andsed within 2 hours of coolinflgAO was prepared in this way and
used for the aldol condensation dfwhich led toa 57%conversion(entry 1, Table4) which

was lower than expected

Table4: Reaction conditions for the condensation ch@&xanone(54). Conversion 064
determined by G&ID.MgAIO is hydrotalciteaicined at 700 °C for 2 h with an oven ramp
rate of 2 °C prior to use. *percentage conversion to total productalculagd by mass
without further analysis after removing remainidg through rotary evaporation until no
further loss of mass

Entry | T/°C| t/h Apparatus description Conversion of 54 /%
1 111 6 RBF wittDeanStarkarm 57**
2 165 3 Pressure vessel 31**
3 160 4 Pressure vessel 63
4 160 4 Pressure vessel 61

As commercial surfactants are commonly compound mixtures g¢kpected level of
impurity (7% from acyclic trimers$ acceptable for the enrgroduct however higher purity

is beneficial for structur@entification and the overall yield is lower than expected.

The reaction setip was altered for entry ,ZTable4 and a pressure vessel used in place of

a DeanStark condensewith the aim toclosely replicate the work done by Saetaal usa
Q-tube. Possible reasoning behind the lower yield may have been the ambient atmosphere
and the temperature that can be achieved in a pressure vessel. A new batch of hydrotalcite
was calcined to M@\LO as the longevity of the catalyst was unknown and the previous
yield was lower than expected. Greater care was taken in the storage of the hydrotalcite
once calcined and the sampleas stored in a vacuum desiccator and used within 2 hours
of cooling.2-Hexanone %4, 2 mmol), MgAI-O (200 mg) and toluene (3LWnwere charged

into a 15 nb sealed steel pressure vessel and heated @6 IC for 3hours. However, the
increase in temperaturgressureand handling of the catalyslid not improve the yield to

the 100% conversion off2exanong54) and 93% cyclic trimers achieved by Satial. The

yield of total products (31% by mass) was lower than that achieved at reflux under ambient
presaire (57%). The smaller scale of the reaction in the pressure vessel may also have been

a factor responsible for a small drop in yield.
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For entries 3 and 4 a new batch of hydrotalcite was calcined teAMY using the same
oven method as that described above however, instead of storing under vacuum the
hydrotalcite was stored in the cooled crucible under parafilm and used within 5 hours, i
another optimisation attempt. The reaction time was also increased to 4 hours to attempt
to increase the yield. The yield for entry 3 (63%) was determined HylBQo avoid any
losses during workip) and are close to entry 1 yield (57%). The discrepaetween these
yields may have been due to weup for entry 1. The reaction was repeated, entry 4, under
the same reaction conditions using the same batch ofA#@® and has a comparable yield

of 61%.

The GEFID masses were calculated using dodecane as an internal standard using the

calibration curve shown in Figugé:

450

400
y =1.3237x

350 R2=0.9989
300

250

y = 0.9023x

200 R2 = 0.999

Peak Area / pA

150
100
50

0 50 100 150 200 250 300 350
Concentration / mg L1

Dodecane Hexanone

Figure 24: Calibration curve for starting materighexanong and internal standard
(dodecané.

As the yields quoted by Saeibalremaired higherthan those accomplisheid this project
attention turned to the catalyst and its activation procedure. Hydrotalcite has a brlikée
structure which comprises of sheets of Md oxides with carbonate and weakly bonded
water balancing charges-lretween. Upon calcination, the removal of waserd carbonate
opens pores thereby increasing the surface area and revealing strengn@lium (MgO)

and weak (OH basic sites and mild Lewis acid sites whi@stically increases its catalytic
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activity1°® The mass lost on calcination under an inert &tmosphere was observed by

thermogravimetric analysi® be 45%

The choice of calcination temperatures has previously shown minimal effect on surface area
and pore sizes but a significant effect on the basicity. Hydrotalcite derived catalysts have
tuneable basicity to an extewniathe choice of calcination temperatures. It has been found
that the basicity correlates with the catalytic activity of Guerbet conversion of ethanel to 1

butanol, aldol condensation of acetaldehyde and heptanal and methanolysis of soybean

0|I 194196

To further understandhe effect of handling the catalyst after calcinatjaihe effect of
exposure of the catalyst to G@Was investigated. The catalyst, MO, is derived from
hydrotalcite, MgAL(CQ)(OH)ew n20D, thus removal of carbonate is a key part of the
catalysts preparation and it follows that reformation of carbonate species would deactivate
the catalyst. The calcination of hydrotalcite replicated exactlyrtrethod reported in a
2015 paper by Sac&t alt’® 700 °C for 2 hours with an oven ramp rate of 2 °C /({fiable

5).

Table5: Catalyst treatment after calcination at 700 °C for 2 h with an oven ramp rate of 2

°C. Reagents and conditiorh2xanone (compoun84, 2 mmol), toluene (3 mL) and 200
mg of catalyst reacted under pressure at 170 °C.

Entry Catalyst T/°C| t/h Apparatus | Conversion
description | of 54/%

1 Mg-Al-O.Used 170 3 Pressure 63
immediately after vessel
calcination

2 Mg-AlG, CQ 170 3 Pressure 65
treated before use vessel

3 Mg-Al-O;stored on | 170 3 Pressure 74
the benchtop for vessel

24 h before use
4 | Mg-ALO stored on | 150 3 Q-tube 92

bench for 48 hours
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Therefore, it was hypothesised that instead we may have reformed carbonates due to how
the catalystwashandled after the initial activationThe MgAIO catalyst used to produce
the reaction yields shown imiy 1 ofTable5was removed from the oven at 200 °C, quickly
weighed and transferred to a flask containing toluene and hexanone and produced a yield
of: 63% yield with 33% hexanone remainiipe catalyst used fomgries 2 and JTable5)

were removed from the oven at 200 °C and quickly transferreal $ample vial and stored

in a vacuum desiccator until cool. Entry 2 catalyst was subsequently treated with ©
attempt to replicate prolonged exposure to the atmosphere. The catalyst was put into a
porous thimble and charged with supercritical £ 150 bas for 1 hour before use,
resulting in a condensation product yield of 65% with 33% hexanone unreaCled.
catalyst used for mtry 3, once cooled in the vacuum desiccator, was left on the bench
outside the vacuum desiccator for 24 h prior to reantand produced a 74% yield with 23%

hexanone unreacted.

The similarity in conversion oft#&xanone in entries 1 and (@able 5), despite the C®
treatment of one of the samples, suggests that the catalytic activity is not linked to
carbonate adsorption due to air exposurat may bdinked to exposure to moisture during
cooling.To expose the catalyst to more moisture, the catalyst sample was left for another
24 hours on the benchtop before usé\ similar yield to that reported b8acia et alvas
achieved suggesting that the moisture rather than exposure ta @&yed a role in

activating the catalyst.

Further investigation into the literature led to a greater understanding in the process of
exposing the basic sites on the catalyst needed for the aldol condensation. As mentioned
previously the thermal decomposition of doulbksyered lamellar type structes, such as
hydrotalcite, removes water and carbonate counterions leaving a well dispersed mixture of
metal oxides. This process changes the crystal structure of the material. If the material is
exposed to a carbonatfree water atmosphere, the metal oxéd show a memorike

effect in which the lamellar structure is reformed. This leads to meixnerite (magnesium
aluminium oxides hydrate) with Osites interlaced in the materia’ The catalytic ability

of meixnerite is related to the basicity of the material, which is determined by two key
factors: temperature of calcination and method of rehydration. The basicity can be
measured by temperature programmed desorption of,QOQ -TPD) and is a common
method for mixed oxides derived from hydrotalci&. 1% 1%This method is based on the

absorption of different species of GOmonodentate, bidentate and bicarbonate ions.
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Monodentate and bidentate carbonate formation requires lowardinate oxygen anions

whereas bicarbonate require surface hydroxy groups.

The difference in calcination temperature causes a significant effect on basicity due to the
formation of the lamellatype structure. At lower temperatures there is an increased
likelihood of the formation of a spindike phase for example MgAIGthe memorylike
reconstruction of the lamellar phase is dependent on the presence of this diagihase.
Once the carbonatéree lamellartype structures have been achieved active €ités can

be introduced. The ratio of active to nattive OHsites, rehted strongly to basicity and
therefore catalytic activity, is determined by the hydration method. Although the strueture
activity relationship of meixnerite is not well understqodn investigation into two
rehydration methods was done by Corraael® 2% The investigation focussed on two
methods of rehydration, gaphase and liquid phase. The gas phase introduced water
vapour in a carbonatfree environment using nitrogen as a carrier gas. This method relies
on the diffusion of water vapour through the material to form QGhes. Calcined material
rehydratedviathe gas phase method resulted in a reduction of the porosity of the material
compared to the calcined reference material, exhibiting a low BET surface area (from 253
to 57 ntg?) and poe volumeof (0.1 cnig?). This has been seen to produce a low number
of active OHsites and therefore a low activity catalyst. During liquid phase rehydration a
mechanical flee is used to mix the solid material with water in a carbeinate
environment. Rehydratiowvia liquid phase has been seen to exhibit a remarkable BET
surface area of (270 fgl), a significat increase compared to the calciheeference. This
change in the porosity and the BET surface area can be linked to the method of rehydration.
The chage in the porous characteristics is theorised to be due to the exfoliation of the
meixnerite crystals during the stirring of the solution. The stirring of the solution results in

a disruption of the crystallinity and therefore an increase in the surfaea af the material.
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The increase in the surface area in turn increases the proportion of activeit®$ifigure
25):

O = Active OH-
O = Less active OH-

Gas phase rehydration Liquid phase rehydration

Figure25: Schematic representation of crystal structure of O after rehydratiorvia
liquid phase (top) and gas phase (bottott)

De Jong and eworkersg®! stated that only 5% of the hydroxy ions of the rehydrated
samples are active enough to play a role in the reaction. This supports the theory of
decreased crystallinity of the material and theredpan increase in the number of edges of
the crystals and sites where active Qbhs are able to play a role in the reactidme total
number of basic sites was found to be higher after rehydratiarthe liquid phase (803.9
mmol g cat) than the gas phase (437.7 mmol g tat

Although the temperature of the calcination iskay factor in the overall activity of the
catalyst the rehydration methodalsohas a large impact on the overall activity of the final
catalyst and this linked to basicity of the meixnerite. Aleilal®’ determined that there

were three main components that have an impact: crystallinity, rehydration and porosity
or surface area. The calcination and removal of carbonate gives the metal oxide skeletal
structure in which the OHcounterions can be rentroduced into the lamellar phase
structure. Using the liquid phase rehydration method to disrupt the crystallinity and reveal
a greater surface area with more active Qiles forms an active catalyst for aldol

condensations.
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The catalyst treatment described by Sastiaf " stated that hydrotalcite be calcined under
static air at 700 °C for 2 hours with an oven ramp rate of .2B¥Sed on the findings
discussed abovausing this calcination method fails to-ngtroduce water to create OH
basic sites and therefore decreases the potential catalytic effeldbwing rehydration
through leaving the catalyst open to the air for 48 hours mgylain the differences in yield

between this study and theirs.

To study the effect of the liquid rehydration method discussed above 36% water (relative
to the hydrotalcite mass) was added to the reaction vessel and another reaction under the
same conditions was run without the presence of water. Conversion and ticep@ige of

each product relative to total products is shown in Figke

m % conversionm % A m% B % C
99.2

100 954
90 84.1 84.7
80 68.8 69.3
70
60 46.8
50 39.2 '
40
30 15.8
16.1 .
20 15.1 .
10 8.1 7.8 7.8 7.5 > 14.9
0 HE Em I i il
Mg-Al-O, 3h Mg-Al-O, 6h Mg-Al-O, hydrated, 3h Mg-Al-O hydrated, 6h

Figure26: Effect of water addition to catalyst. % conversion = conversiorhaix2none. %
A = major cyclic isomer. % B minor cyclic isomer, %C minor cyclic.isomer

As seen in Figures, the addition of liquid water to the catalyst decreased the conversion
of 2-hexanone from 95.4% to 39.2% over 3 hours. Over 6 hours the conversion improved
slightly to 46.8%. The addition of water also increased the ratio of trimers produced,
doubling the percentage of the two minor isomers, and reducing the percentage of
products from the major isomer from 84% to 69%. As aldol condensations produce water
and their products are often in equilibrium, it is likely that the reductiorRimexanone
conversion(54), when additional water is present, is due to the effects of hatélier's

principle
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As toluene is a petrochemically based solvent; hence, greener solvents were considered for
this reaction. 2,2,5%etramethyloxolane (TMO) is a recently developed solvent designed
as a replacement for toluen@?2°* TMO was investigated as a drapreplacement for
toluene. In this case TMO reduced the conversionloé2anong54) after 3 hours by 32.1%

and altered the distribution of products (Figu2@):

m % conversionm% A m% B m% C

1000 954 2
’ 90.8
90.0 81,
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0 8178 7875 5551 4844
0.0 1 |
Toluene, 3h Toluene, 6h TMO, 3h TMO 6h

Figure 27: Investigating a greener solvent replacement for toluene. % conversion =
conversion of zZhexanong54). % A = major cyclic isomer. % B minor cyclic isomer, %C minor
cyclic isomer.

As seen in Figur2/, the selectivity to the major isomer was increased by 5.3% over 3 hours
and 5.9% over 6 hours however the conversion-be2anoneg(54) significantly decreased

by 32.1% over 3 hours. The yield can be somewhat recovered by longer reaction times, after
6 hours the conversion &4 increased to 81.3% using TMO. The reduction in yield and the
need for greater energy consumption through heat produced over longer reaction times
means TMO is not an ideal drapreplacement for this reactio(for reaction see Scheme

23 or Table

2.5 SIRUCTURAL IDENTIFICATION OF COMBOUND
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2.5.1 Infrared spectroscopy

A notable difference between the IR spectra dfiekanone $4) and the crude isolated
products of RD130 is the addition of the absorption at 1618,amhich can be assigned to
I/ T/ &b NB (uddstura2ed ketong Rigurési28 and 29 Table 6) which is

characteristically lower in frequency than that expected of fvonjugated alkenes.

This is acompanied by a shift in the frequency of the C=0 bbmetth from 1714 cnt
characteristic of typical aliphatic ketone to 1687 ¢ifi2 NJ (G KS O 2 yirBadafhatedi SR h X |
ketone. There also appears to be a decrease in intensity of the C=0 as the ratio of C=0 to

CGH changes from 1:12 intEexanoneg(54) to 1:32 in compound6 and56a. This indicates

the formation of compound&6 and56a.
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Figure28: Infrared spectraof 2-hexanong(54).
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Figure29: Infrared spectra ba mixture of compoundSs6, 56aand57.
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Table6: Infrared spectral data and assignments femexanong54) andcompounds6/56a.

Compound Absorption | Transmission| Group Environment
/cm? | %
j’\/\/ 2959 81 GH Stretch- alkane
2934 83 GH Alkane
54 2874 88 GH Alkane
1714 46 C=0 | Aliphatic ketone
1465 87 GH Bending- alkane
o 2957 74 GH Stretch- alkane
m/\/ 1714 83 C=0 | Aliphatic ketone
1687 77 C=0 | Conjugated ketone
i 1618 74 c=C Stretch-
\/\/ﬁ‘:g\/i/ h >unsaturated
56, 56a 1378 83 GH ketone
Bending- alkane
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2.5.2 Gas chromatography and mass spectrometry

The GEFID spectim shows 2hexanoneg(54, boiling point 127 °Leluting from the column
at 256 minutes(Figure30):

FID1 A, Front Signal (RMD_Dataidel_GC 2019.05-08 16-58.09% -001-111-RD130GCT ACETONE D)

pA : EE ,‘Q:\ :h cP“
] & 4 +
140 & T -
| & & 55+E/Zisomers
1204 54 55a, 55b and 55¢
IOD—: / %/
o ‘ »\"“‘3?9; 55
i | a & 3 H &
{ & £y
60+ n:?@“' :_‘ | e
] "_sé‘
404
: | [l
1_’01_4 J‘ e " - - o | = S Y TP PP — —
" ——
0 25 5 75 10 125 15 175 2 min

Figure30: GCGFID chromatogram fareaction mixture Table 5, Btry 4, in acetone.

As seen in Figurg0, the spectrum alsshows3 peaks eluting between 10.5 minutes and
11.5 minutes, assumed to be dimers ch@&xanone(55). 2-Hexanone(54), dimers and

trimers (55, 56) were identified by GBS and results displayed in Figdk

RDE3S crusbe . O MLy 2019 + 1% 4557

54

‘ - 55 + positional and E/Z isomers 55a, 55b, 55¢

56, 56a

y»/ :

Figure31: GGMSChromatogram for RD130 crude reaction mixture.

The GEVIS indicates the expected mass from the molecular ion peak of the dimek{Q)
at 182 m/z(Figure32):
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, 09-May-2019 + 19:43:57

RD130-crude
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Figure32: Mass spectra for the peak of dimer from the-GIS chromatogram

The elution at 18.45 minutes expected to be trimeigke:O) has the expected molecular

of 264 m/z shown irHgure 33:

RD130-crude

, 09-May-2019 + 19:43:57

RD130-crude 2737 (22.091) Cm (2731:2745) Scan El+
i 165 2.01e7
8 L

Cyclic trimer
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Exact Mass: 264.25
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Figure33: Mass spectra for the peak of trimer from the GCMS chromatog
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2.5.3 NMR spectroscopy

An NMR spectrum warecordedafter Kugelrohdistillation purification of the zhexanone

(54) cyclisation productgFigure34):

age17rma g 5 N4IREEEEY
RD135A Proton 16 scans 0 o~ ﬁ\ﬁ\T/ﬁ o or;Lca 1.3
1.2
[
Q / | F1.1
a 56 |
p & ¢ — J |
I [ ,/ 1.0
f
~ [
a SN2 | /I a
b b o "b" Jo AT 09
0 L
b a 0.8
56a ¢
‘ «|~ 0.7
'\\V/ a
“bp° b °b
0.6
0.5
0.4
|
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2 5 o g

T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
f1 (ppm)

Figure34: '"H NMR of product compounds, 56a(400 MHz, ChloroforslR0 ¢+ p dcy 0a 3
0.15H), 2.28L.79 (m, 7H), 1.49.96 (m, 13H), 0.96.58 (M, 12H).

The NMR spectrshows amixture of56 and56aand no further separation was attempted.
However, the NMR of the pure compoun8lé and 56a are shown in the supplementary

information from the Sac@paper!’”

The!HNMR spectrum assignments can be made based on the level of carbon substitution.
Protons on the primary carbonsCH (a), present in the 0:4.0 region. Protons on the
secondary carbonsCH- (b), in the 1.61.5 region and protons on the tertiary carbons, CH
(c), found in the 1.2.3 range. Bton d is found only in compoun&6a is easily

distinguishable at 5.68 due to the adjacent C=C.
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Asthere are 12 methyl protons at 0.96.58 ppm for both compoundspmparison othe
integration of proton dshows that compound6 (no alkene protons) is present at 85%

purity with 15% compounéé6a (1 alkene protonjFigure35):

o) (@)

SO0 T

56 56a

Figure35: The structure of compoun86 and 56a with*H NMR assignments.répresents
the chiral centre.

Further assignment is difficult for compounB6 because it is a mixture of 2
diastereoisomerslt is not surprising that there are significant overlaps in the signals which

makes full assignment of the proton NMRficult.

Following the study on the activation of the catalyst and potential greener solvent
replacement compoun86and its isomersvere successfully synthesised at large scéhe
next steps involve exploringynthetic routes shown irscheme 27 to add traditional
Adz2NF I OhFyd KSIR ANRAZLIA ® ¢ KS -uasht@rétdd &étonel OO S LIG
(Scheme?7) is expected to enable addition of amines as a precursor to quaternary amines
(cationic surfactants) and for addition of bistdfias a route to sulfonated surfactants
(anionic surfactants)Aroute is also available through the hydrogenation and reduction of
the h =unsaturated ketondo alcohol and the addition gfoly (ethylene glycolia ester

linkage
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Scheme24: Synthetic routes to surfactants from compoubf

2.6  CYCLISATIONR2-NONANONE9Q) AND2-DODECANONB3)

Once compound 56 was successfully synthesized experiments began on

condensations of longer chain fatty methyl ketones (Figfe

Cyclic trimer Cyclic trimer Acyclic trimer

MgAIO o 0
o Solvent 0 R
—_ R R |
R + +
\)J\ -n H0 R
R R R R |

13

54R = (CH2)2CH3
90 R = (CH,)sCH3
93 R = (CH2)3CH3

56 R = (CH2)2CH3
91 R = (CH,)5CHj3
94R = (CHz)chg

56a R = (CH2)20H3
91a R = (CH,)sCHs
94a R = (CH2)8CH3

57TR = (CH2)2CH3
92 R = (CH,)sCH3
95R = (CH2)3CH3

aldol

Figure36: Key reaction products of-Bexanone %4), 2-nonanone 90) and 2dodecanone

(93).

Nonanone @0) was selected as the starting material for the sdtfol condensation because

this would extend each of the three branches of the cyclic structt@glfy three carbons.

Therefore compoun®1would have an additional 9 carbons compared to the double aldol

condensate 0b4. This was expected to improve hydrophobicity. Similarly, dodecar@®)e (
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was selected to extend compoun86Q dranchesby another 9 carbons, producing

compound94.

The method from the aldol condensation ofh2xanone(54), was carried over to the
attempted aldol condensations &0 and 93. The starting material, catalyst and toluene
were charged into a round bottomed flask and set to reflux with a condenser Beda

Sark arm. The reflux was maintained for the duration of the specified reaction time (see
Table7) and then allowed to cooDnce cool the catalyst was removed by filtration and the

solvent removed by rotary evaporation.

The reaction conditions for thénitial attempts tosynthesisehe cyclic aldol condensates

(91, 94) of nonanone 40) and dodecanoned@) are describedn Table?:

Table7: Reaction details of nonanon8(@) and dodecanoned@) aldol condensations. *
Calcined at 450 °C for 2 hours prior to reaction.

Entry | Starting Mass of Catalyst | Mass of | Volume t/ Conversion
material | starting catalyst of hours | of starting
material / /g toluene material /
g / mL %
1 90 5.60 MgO* 2.30 25 16 <5%
2 93 2.14 MgO*, 2.1, 15 16 <5%
KOH 0.11
3 90 5.61 KF/ALOs 3.91 25 6 <5%
4 90 5.8 CaCe@ 3.83 25 6 <5%
5 90 5.4 MgAIO* 3.81 25 6 <10%
6 90 0.29 MgAIO* 0.25 3 3 <10%

MgO, CaCeand KF/A}O; were trialled ad_ewis basebut produced very pooconversion

of the starting material. Lathan 5% of the expected mas$sr eachwas obtained as crude
productwith no further purification Calcined fdrotalcite MgAIOQ was identified by Sacia

et al. as the catalyst providing the highestnversionand so this waslso used (entries 5

and 6, Tabl&) whichagainreturned a pootryield of crude produck10%of the expected
mass As toluene is the solvent used by Sacia emd/orkersits boiling point of 110 °C is
well below the reaction temperature of 160 °C specified it was theorised that pressure may

be required for this reaction and s experimentwas conducted under pressure to the
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specifications of the smadicale reaction carried out by SaéidThis too howeverprovided

poor yieldspf crude product

Additionally, the shape of the resulting surfactant produced from this hydrophobe may be
problematic as the tail group size and position of the head group would not be ideal for

packing and may encourage reverse micelles

As described previously compoubéa and its isomeravere successfully synthesised at
small scale, however the yields reported in the literature were not achieved and it was
speculated that either the specific equipment used by Seci (Qtube) may have been
necessary to achieve those yields or a key piece of information had not been disclosed.
Since making this conclusion aupe of the same dimensions reported by Saatial was

purchased to examine the effects.

The condensation of -Bonanone was investigated alongsiden@xanone because the
longer carbon chain length is likely to produce a more hydrophobic cyclic téxmarmber

of catalysts were usedind yields were either low or TLC did not confirm products. The
catalysts used to carry out the cyclisation were MgO, KEK:ACaC@and MgAI-O. None

of these catalysts gave a satisfactory yield under the conditions descridedla?.

The aldol condensation off@onanone and 2lodecanone 40, 93) were trialled in xylene

at reflux to allow a higher reaction temperature.

Cyclic trimer Cyclic trimer Acyclic trimer
MgAIO
O Xerne
R
90 R = (CH3)sCH3 91 R=(CH;)sCH;  91a R =(CH,)sCHj; 92 R = (CHy)sCH3
93 R = (CH;)sCH3 94 R = (CH)sCH;  94a R = (CH,)gCHj; 95 R = (CH;)gCH3

Scheme25: Aldol condensation of-Aonanone and 2lodecanong90, 93)

The higher reaction temperature for the aldol condensation -miohanone 90) lead to a
98% yield. The higher reaction temperature did not have an effect on the reaction of 2
dodecanone 93) which was followed by TLC and did not show consumptiddBair the

appearance of products.
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2.7 ADDITION OF HEAD GROUPS

2.8 AMINATION

Aza Michael additions are well knownNCbond formation reactions which utilize the
electron deficiency at carbon 3 caused by the ket#idhis creates rmelectrophillicsite

on which to add an amine as a precursor to a quaternargnaniumsurfactant. The nature

of these reactions lend themselves to green chemiasrthey aresimpleaddition reactions
they benefit from good atom economies and often produce better yields at lower

temperatures than at high temperatures.

There are many catalysts in the literature for the-azda OKI St | RRAGAR2Y 2F |
unsaturated carbonyls including molecular iodine, alumina, Sn@ICi, TiCl and
combinations of aniline or pyridine with various MORE®, KF/AlOsand DMAP%208 For

this set of reactions molecular iodine was chosen as it is relatively inexpensive and
successfuluse of Kl & 0SSy NBLERZNISR Ay (GKS f AGSNI GdzNB
unsaturated ketones and estet&: 207 209 210\jore traditional metal catalysts (SnCAICY,

TiCl) can lead to the generation of environmentally damaging waste stredns.

The proposed mechanisms for iodine catalysis are via hidden Bronsted base catalysis, Lewis
acid catalysis or catalysis by iodonigth??2a 2 f SOdzft  NJ A2RAYyS OkyYy 065 dz
unsaturated carbonyls for nucleophilic attack through Lewis acid catalysis/halogen bond

catalysid'?and in some cases performs better than traditional Bronsted &éid83

Previous work by Boraét al found that aliphatic amines undergo akéichael addition
2y 02 | Nungafute®c@irbonykcompounds under mild conditions in the presence
2T A2RAYS K24SOSN y 2unsatirbidd keidne8?” NS L2 NI SR 2y h )

Aminations ofcyclohexanone96), isophorone(98) and compoundb6 with diethyl amine

are shown in Schemé&®-31:
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) room temperature, 24 h a) 73.7% yield
) room temperature, |5, 24 h b) 83.9% yield

2 > c) reflux, I, 18 h é C) 0% yield*
Lo B
b

96 82 97

Scheme&26: Amination of cyclohexenone (3 mmo96) with excess diethyl amin8Z2, 24
mmol). Solvent free reaction with stirring. Yields determined byF@Canalysis of reaction
mixtures *100% conversion of cyclohexenone with 0% selectivity to the desired product

a) 0% yield
b) 0% vyield

o b) room temperature, I, 24 h o c) 0% yield
> c) reflux, 1, 12 h
+ HN -
) = N
98 82 r W 99

Scheme27: Amination of isophorone (2.4 mmol®&) with excess diethyl aminé&2, 19
mmol). Solvent free reaction with stirrinyfields determined by GEID analysis of reaction
mixtures

a) room temperature, 24 h

a) room temperature, 24 h o a) 02/0 yield
b) room temperature, |y, 24 h ~_ b) 0% yield
+ HN - —
> NN o

N
56 82 r W 100

Scheme28: Amination of compound6 (1.5 mmol) with excess diethyl amin82( 12
mmol). Solvent free reaction with stirrinyfjelds determined by GEID analysis of reaction
mixtures

Mild conditions for the addition of diethyl amine (DEBR) to compounds6 with iodine as

a catalyst did not yield the desired product (compouth@0). As a result of this

cyclohexenone9b) and isophorone98) aminations were studied, to better understand if

GKS A2RAYS OFdlfeald ¢ ansatCealed BSneFaddiheleREA G A2y (2 (

of steric hindrance through use of inexpensive and readily available isophorone.

At ambient temperature the 1,4 addition of DEBR) to cyclohexnone ©6) in the presence
of iodine gave a yield of 83.9% (compowifJ. This was a 10% increase compared to the

same reaction conditions without a catalyst, an indication that iodine has some effect on
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the yield. The reaction was also carried out at reflux. The conversion from starting materials
to products with catalyst at reflux was 87.5% however the desired product peak was not
present and retention times suggest that further reactions have takeneptacheavier
compounds with later retention times. This is evidence that the product is not stable at high

temperatures.

Addition of DEA tisophorone 98) and56 wasunsuccessful at room temperature or under
reflux in the presence of iodine. It is hypothesised that the proslo€tthese reversable
reactionwere under too much steric hindrance to be favourable. To address this issue a
primary amine, butyl amine (BAO1) was selected and subjected to the same reaction
conditions (Schens32-34):

a) room temperature, 1 h a) 100% yield

b) room temperature, I2 1h b) 100% yield
ij g 2 d

Scheme29: Amination of cyclohexenone (3 mmol9@) and excess butyl amine (24
mmol)101). Solvent free reaction with stirring. Yields determined byFHT analysis of
reaction mixtures.

a) room temperature, 48 h a) 9.6% yigld
b) room temperature, 12, 48 h b) 79-6;% yield
o o) reflux, I, 1 O ggg\?éls/ioon**
d) reflux, I, 6 h d) 100%
+ /\/\NH —_—— conversion***
2 /\/\N
98 101 H " 103

Scheme30: Amination of isophorone (2.4 mmolPg§) and excess butyl amine (19
mmol)101). Solvent free reaction with stirring. Yields determined byFHT analysis of
reaction mixtures. **96.1% conversion of starting material with 388tectivity to the
desired product **100% conversion of starting material with 31% selectivity to the desired
product.
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a) room temperature, 48 h (0] a) 0% yield

o b) room temperature, 12, 48 h b) 0% yield
c) reflux, 12, 48 h
+ /\/\NHZ — —
56 101 H/ 104

Scheme31: Amination ofl (1.5 mmo) (56) and excess butyl amine (15 mn(@l)1). Solvent
free reaction with stirring. Yields determined by-6ID analysis of reaction mixtures.

Without the need of catalyst cyclohexenoif@6) was fully converted to compoungi02

after 1 hour at room temperature. Isophorone required much longer reaction times at
ambient temperature producing a low yield of compouh@3 after 48 hours. Catalytic
iodine (0.2 mol% w.r.t.) much improved the yield at room temperature from 9.6% to 79.6%
yield after 48 hours in the presence of iodine. At reflux full conversi®@8efas achieved

after 6 hours however at the elevated temperature (78 °C) selectivityoBowasreduced

to 33%. These yields suggest that iodine is acting as a Lewis acidlisedhe reaction

and that the use of a primary amine in place of a secondary much improves the steric

hindrance.

Based on these findings it was expected that compdaBidiould require a catalyst and as
predicted, compoundlO4 was not formed at room temperature after 48 hours without
one. However, the presence of iodine did not overcome the steric hindrance as seen with
isophorone and the addition of butylamine onf® did not go at room temperature or at
reflux. If steric hindrance is blocking reactivity at carbon 3®it may be more feasible to

attack at carbon 1 or attack with a smaller nucleophile.

¢KS | RRAGAZ2Y 2-#nsatudatedkéténe af @mibihd was thsuccessful. This
is possibly due in part to steric hinderance around the alkene bond or deactivation of the

site due to the inductive effect pushing electron density towards carbon 3 and therefore

RSONBF&AYI (KS «b FYR YF1Ay3 (GKAA aAdas €5

the ketone may be possible through reductive amination. The additiomoé#hoxy-aniline
to sterically hindered camphor was possible under conditi@morted by Podyachev#
and the use of Rh/CO as a catalyst. There is the possibility of further work to look at the

reductive amination of 56 with the same catalyst and conditions.
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2.9 SULFONATION

Sulfonation through Michael addition of metabisulfite and bisulfite to unsaturated ketones
benefits from the same good atom economies and preference for lower temperatures as
the aza Michael additions, and are also well establish&d® However a key difference is
that the sulfonation with sodium metabisulfite/bisulfite is the final synthetic step whereas

the aza Michael additions require another synthetic step to quaternise.

In this study, the sulfonation of compou®, cyclohexanone and isophorone are shown in
Schemeg5-37:

H,O
. o ;og;ny;emperature 0 Yield: 0%
@ I O
+ Na O/S\//S/’\O@
/\/ (@] ®
Na 8036
56 78 ®
Na

Scheme32: Sulfonation of56 (4 mmol) with sodium metabisulfite (4 mmol) in aqueous
solution (10 mL deionised water) with stirring. Solvent removed by rotary evaporation
before analysis by AR andH NMR.

(0] room temperature o
®g (|)| 0 12 days Yield: 100%
+ Na 5S¢ g
2 \O
(@) ® ©
Na SO3~ @
96 105 Na

Scheme33: Sulfonation of cyclohexenon®g) (3 mmol) with sodium metabisulfite (3
mmol) in aqueous solution (2.5 mieionised water) with stirring. Solvent removed by
rotary evaporation before analysis by-FRrandtH NMR.

0 H,0 a) Yield: 100%
9] room temperature O b) Yield: 100%
®od 0O c) Yield: 100 %
+ Na o \/,S\o@
© Na® S)
98 106°0°,,©

Scheme34: Sulfonation of isophoroneg) (2 mmol) with sodium metabisulfite (2 mmol) in
aqueous solution (2.5 mL) deionised water with stirring. Solvent removed by rotary
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evaporation before analysis by and'H NMR Conditions:a) HO, room temperature,
30 minutes with ultasonic probe (RD18%)b) HO, 50 °C, 30 minutes with tdisonic probe
(RD187B)c) BHO, room temperature, 12 days (RD1A8p

To attain the target moleculé’8 sulfonation was initially tested under the mildest

conditions, at room temperature with stirring for 3 days, (Sch&8ehowever therewas

no conversion of compoun86 to compound78. Before experimenting with reaction

conditions to obtain compounds, the same reaction was attempted using readily available

cyclohexanone9b) and isophorond€98) to gain an insight to the reactivity of the molecule.

Cyclohexenon€6) was stirred at room temperature for 12 days in an aqueous solution of

sodium metabisulfiteg Scheme36). Similar conditions were used by Kexpal, who used

sulphurous acid as a $6ource?'’ The reaction mixture was vigorous stirring to increase

the interfacial area between the two phases (cyclohexenone/water) which became miscible

as the reaction progressed. The loss of the alkene protons at 5.9 ppm and 6.9 ppm in the

H-NMR shown in Figuig7O2 y ¥ A NI &

full conversion under these mild conditions.

aKI @

G§KS hZ

]

Ha O
Hb H
| o HH
CHCl, | Ha L Hb H
_ Il J
B) 105
) 50,9 ¢
_ i Na
e o He o
C) 98 \ ’
| H H
CHCl; I Hc H
é;:e:;t‘:écnou-an RD130A D20 proton 400 MHz 1 (0]
D) 106
50:° o
Na

T T T T T T T T
79 7.8 7.7 76 7.5 74 73 7.2

T T—r—T T T T T
7.1 7.0 6.9 68 67 6.6 65 64 63 6.2
f1 (ppm)

T
6.1

T T T
6.0 59 658

T T T T T T
5.7 56 55 54 53 652

T
1

T
&

dzy & F G dzNJ G SR

Figure 37. 'H NMR snapshot comparing the alkene region of cyclohexenone (a), the
sulfonation product of cyclohexenone (b), isophorone (c) and isoph@osfonation

product (c)
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Isophorone was subjected to the same mild conditions as shown in ScBénidis was
done to determine whether the increased steric hindrance caused by the methyl groups in
the 3 and 5 positions would affect reaction rate and/or reversibility and therefore the yield.
Full conversion is indicated by the loss of alkene protonBigure 37, spectrad. The
isophorone/water phases took several days to combine, despite a high rate if mechanical
stirring. This could be due to the poor solubility of thepisorone in the aqueous layer
where the reaction takes place. This indicates avglate of reaction, though as product
forms it may act as a phase transfer catalyst, aiding further reaction. Further work would

be required to give an accurate rate.

An ultrasonic probe was used to find conditions to increase the reaction rate. The reaction
mixture consisted of two phases and therefore the amount of isophorone available to the
nucleophile in the aqueous solution was restricted. An ultrasonic probeused under

the hypothesis that the superior mixing would increase the rate of the reaction. Two
solutions were trialled: the first without any temperature control, in which the solution
reached 60 °C and the second within an ice bath used to dissipate#igroduced by the

probe. Full conversion was achiewdd both methods after 45 minutes.

A second source of $0Osodium bisulfite was used for comparison and fully converted

isophorone to the sulfonation product (Scher2@):

a) Yield: 100%
b) Yield: 100%
9 o H20 Q ¢)Yield 100%
§ o room temperature
* HO T 0" Ng?
s0,° o
98 106 Na

Scheme35: Sulfonation ofisophorone §) with sodium bisulfite with stirring. Solvent
removed by rotary evaporation before analysis bylRBnd'H NMR. a¥# (2.8 mmol) and
sodium bisulfite (8.3mmol) in deionised water (20 mL) #)2.8 mmol), sodium bisulfite

(8.5 mmol) and acetic acid (0.5 mL) in deionised water (20 mL) c) isophorone (3 mmol) and
sodium bisulfite (6 mmol) in deionised water (10 mL) and isopropanol (10dohdlitions:

a) HO, room temperature, 12 days (RD1BPb) HO, acetic acid, room temperature, 12
days (RD19€C)c) Isopropanol, KO, 50 °C, 65 hours (RD192)

Work by Gassamet alreported mild conditions for isophorone sulfonations and addressed
the two-phase reaction issue by using an isopropanol and water blend and heating to 60

°C?8This work was repeated here and achieved full conversion after 65 (Bcineme9):
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a) Yield: 0%
b) Yield: 0%
c) Yield: 0%
d) Yield: 0%
e) Yield: 0%

_~_~ HO"7T0" Na g

56

S0,° @

Na 107

Scheme36: Sulfonation ofl (3.3 mmol) with sodium bisulfite (6.6 mmol) in specified
solvents with stirring. Yields determined throusthNMR and FlRafter removal of solvent
via rotary evaoprationConditionsa) HO,isopropanol, 50 °C, 24 hour$ HO, isopropanol,
65 °C, 3 days) HO, isopropanol, reflux, 24 houdy HO, cyrene, reflux, 4 days HO,
toluene, reflux, 4 days

The isopropanol and water solvent system failed to dissolve both compe&iadd sodium

hydrogen sulphite. The solvent system was alterethfthe previously used 50:50 mixture

which was successful for the isophorone sulfonation shown in Sclg&fhte a 60:40

isopropanol water mix. This solvent system appeared to improve the solubility of the

reactants, however a hazy solution persisted. After 24 hours at 50 °C, 3 days at 65 °C and

24 hours at reflux no reaction occurred.

29.1

I {tAt QX

LINBRAOGAGS NRE S x6disdolfitionrS Ny | G A

Alternative solvents and mixtures were compared using Hansen solubility paramvéters

HSPIP predictions. The solvents in the database closest to comp6wyithin the Hansen

space are most likely to dissolve compod&l This includes limonene, cyclopentyl methyl

ether, fatty acid methyl esters and toluene amongst others. This can be seen in the

graphical representation shown in FigiB& Of the many solvents identified by HSPiP the

only solvent likely to dissolve compouB@, which is also either able to dissolve salts or is

miscible with water to enable the dissolution of the sodium salts is toluene. HSPIP was also

used to predict the highest amount of toluene in a toluene and water mixture likely to

enable dissolutiomf compound56. This shown by the blue spheres in Figdie
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Figure38: Graphical representation of different solvents in Hansen sp@oenpounds6 at
the centre of the mesh sphere. Solvents within the sphere are most likely to dissolve the
target molecule. Toluene and water ratios (90:1, 70:30, 50:50) calculated from predictions.

Cyrene®, a solvent derived from hydrogenation of levagewne, developed as a greener
alternative to solvents such as NMP was also used mixed with #atalthough HSPiP
predicts that Cyrene is further away than toluene to compo&6githin the Hansen space,

a Cyrene and water mixture of 50:50 was used. Cyrene has been shown to form a geminal
diol (ketone hydrate) upon interaction with water (Sche#® and has been reported

exhibiting some surfactant like behaviour which may enhance dissoltfion.

0 0 0
o Hy 0 water 0
\ — —
OH
o o OH

15 108 109
Levoglucosenone Cyrene Geminal diol
(LGO)

Scheme37: Showing the hydrogenation of levoglucosenone (LGO) to form Cyrene and
hydration of Cyrene to the geminal diol.

Prior to work by Fini and eworkers, the simplest form of addition of bisulfite to form
sulfonic acids was discovered over a century ago with some later developments by

Kellogg®* and Crowle¥?, in which the procedures required large excesses of reagents and
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high temperatures. FiitalRS & ONA0S | YAt R LINRPOSRdAzNB- F2NJ GKS

unsaturated ketones at ambient temperature using triethylamine as a Bronsted base. The
effects of sodium hydrogen sulphite concentrations in aqueous solution on the rate of the
sulfonations wa explored by Firét af>® In aqueous media sodium bisulfiexists in two

equilibria, shown in Scheml:

0 0
o-S* —_ e N
<~ |oH
A B
H| 7 H 2
e ? ¢ o
. . 7
O’/SH + O/SI\H —_—— O,ISH _S.
o | | o H T O
(0]
A B C

Scheme38: Two equilibrium present in bisulfite solution

At high concentration (5M) sodium bisulfite exists mostly as the unreactive, non
nucleophillic dimer. At low concentrations however, the reactive species A is maximised.
combination of low concentration bisulfitend the use of triethylamine is believed to push
the equilibrium to reactive species Ahis allowed for the sulfonation of a wide range of
activated ketones under mild conditions. Less activated oleiose examplesf which

are shown in Figur89, under similar conditions required much longer reaction times and

resulted poor yields

b & e 4

112 113

Figure39: Reagents used by Fetialfor sulfonation that produced low yields after 4 days
at 22 °C.

The Michael addition of sodium metabisulfite and sodium bisulfitB@wasunsuccessful,
possibly with similar reasonirtg the failed amination attempts such asest hinderance
and inductive effects deactivating the reaction sitde addition of triethylamine rather

than bmay increase reactivity through Bronsted base catalysis rather than promoting the
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reaction through halogen bond formatiofhe aldition of bisulfite to the ketone may also

be possible as an alternative route.

2.10 ADDITION OF TETRAETHYLENE (Q2I5E

After failed attempts at sulfonation and aminatiothe choice of tail group was
reconsideredCroda have a line of fully bioderived surfactants, the ECO range, which have
poly(ethylene oxide) based tail groups sourced from bioeth&tfollhe bioethanol is

dehydrated and oxidised to produce ethylene oxide (Sché@g?> 22°

Dehydration
over zeolites Oxidation
1

114 84

Scheme39: Route to bioethylen@xide from bioethanol through ethylene

An ethoxylated chain was chosen as the head group for the synthetic target molecules
0S50l dzaS ao0OrtS dzZlJ 2 AyRdzAGNE O2dzZ R YIS

ethoxylated surfactants. Tetraethylene oxide was selected over replicating the use of

ethylene oxide to produce an ethoxylated head group for two reasons. Firstly, eliminating

use of ethylene oxide greatly reduces risk in the lab because ethylene oxide is flammable,
toxic and can react explosively. Secondly, tetraethylene oxide can be toatigigh purity

which makes structural determination of products much simpler. If the structures designed

in this study were found to have merit as surfactants then longer ethoxylate chains could

be trialled. Any realistic industrial scale up would praslec range of ethoxylate chain

lengths.

The use of tetraethylene oxide, while simplifying structural analysis and safety procedures
does require an additional protection and deprotection step to prevent reaction with the
alcohol group on both sides. To protect on one side only a large excestsagthylene

oxide was used, 10; compared to benzyl chloride and sodium hydroxide (Sch&Bjte
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100°C

HO H 24 h
oft + + NaoH =21
a Cl 75% O\V/A\O/A\V/O\v/A\o/A\V/OH

115 116 17

Schemet0: Synthetic route tdetraethylene glycol monobenzyl ether (75%) from
tetraethylene glycol (1 mol), benzyl chloride (0.1 mol) and sodium hydroxide (0.12 mol)
heated to 100 °C for 24 hours

The large excess greatly reduces the probability that the sodium hydroxide will strip the
hydrogen from both alcohol groups on one molecule and react with two benzyl chloride
molecules. Tetraethylene oxide is water soluble and was easily washed from #e fin

product.

Compoundl17was dissolved in THF and cooled ttCbefore adding an agueous solution

of sodium hydroxide and stirring for 10 minutes. Toluenesulfonyl chloride in THF was added
to the flask and then the reaction mixture was allowed to come to room temperature
beforeheatingto 30°C for 3 hoursThe reaction mixture was then acidified to pH 2 and the
product extracted with DCM. The product was purified byhfleslumn chromatography

and afforded compound19(56%).

THF
NaOH

3h
— W\
O\/7\0H o ﬁ@ © o
A ol 56% AR
17 119

118

Schemetl: Synthesis of compountil9

The synthetic step described by Schenfewhs designed to add a leaving group onto
compoundl17so an ether link can be made between the head group (compddidand

fatty alcohol tail groups as proposed in Scherbe 4
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THF
NaH

0} /©/ 2-dodecanol (123)
o S
\/>~O \\o \/>~
4

119 124, 0%

Schemed2: Unsuccessfutherification of compound. 19and 2dodecanol

The etherification in Schemeb4vas monitored by TL&nd no products were identified.
Scheme 8 shows an Appel reaction to form the alkyl bromiti2l, an alternativeleaving
group to the tosylate group. Compouid7was dissolved in DCM and cooled in an ice bath
before adding carbon tetrabromide and triphenyl phosphine and stirring for 3 hours at
room temperature. The reaction was monitored by TLC and upon completion the reaction
mixture was pouring into an excess of ethyl acetate, filtered and purified by flask column

chromatographyCompoundl21wasisolatedin an 85% yield

PPh,
DCM
RT
©\;<o *  CBry =
\/>OH 85% O\/7\ Br
4 4
17 120 121

Schemed3: Appel reaction to produce alkyl bromide from compoulid?

The Williamson ether synthesin Scheme 4 was attempted using compoun@i21 and
sodium hydride in dry THF. The mixture was monitored by TL@obutoducts idenfied.

THF
@o Nar 0
\/>\BI’ \/>‘O
1 dodecanol 4

12 124, 0%

Schemet4: Unsuccessfudtherification of compoundl21

The etherification using the alkyl bromide watteempted again under different conditions,
Scheme 48. TBAI was added to the reaction mixture to promote a Finkelstein reaction
however TLC confirmed starting materials remained after stirring at room temperature

overnight and heating to 4@C for 1 hour.
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THF

NaH
TBAI
0]
\/>*5r _— O\/>‘O
4 1-dodecanol A

121 124, 0%

Schemed5: Finkelstein reaction with TBAI for the etherification of compoagd

As the tosylateand bromide leaving groups were unsuccessful in the etherification
attempts, an iodide leaving group was conside@dmpoundlL19was dissolved in acetone
and potassium iodide added to the solution. The reaction mixture was heated to reflux for
18 hours, cooled, filtered and the salts washed with acetone. The filtrate was concentrated
in vacuqg diluted with DCM andvashed with sodium thiosulfate and brine. The combined
organics were dried and concentrated, and the product purified by flash column

chromatographyand isolated in 86% yield

Acetone
18 h

O /©/ 56 °C
% + K @ — 1)
o\/7\o/s\\ 86% \/%
4 0 ° 4
119

122

Schemet6: Synthesis of alkyl iodidE22

The etherification in Schem®was attempted using compouri®2in dry THF with sodium
hydride. The reaction mixture was monitored by Til@ starting material remaid and

no additional spotsvere observedindicatingthe desiredproductwas not formed.

THF

NaH
1-dodecanol
(0]
4 4

122 124, 0%

Schemet7: Proposed etherification of compound 122 andi@decanol {24)
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No attempts were made using shorter alcohols because the aim of the project at this time
was to seek out a singular method of bringing together the head and tail groups and the

linear, unhindered dodecanol was of a

2.11 ESTERIFICATION

After unsuccessful attempts at etherificatipan ester link instead of an ether link was
considerednstead An additional advantage of switching to aster link ishat it islikely

to bemuchbetter in terms of biodegradation than the ether link. The fatty groups intended
for use as the hydrophobic tail groups of the surfactantsadreither ketones or alcohols.
Therefore addition of a carboxylic acibntaining fragmento the protected tetra ethylene
oxide chain117) wasdone, by reactind.17with bromoacetic acid25as shown in Scheme

51, dfording 126in high yield.

THF
N3
RT

Cly lo =
O\/\> HOF HJ\OH o) OH
o LT e oY
4 (@]
17 126

125

Schemed8: Addition of carboxyt acid to compound.17 using bromoacetic acid

The first esterification attemptising126 (Scheme 8) was done with T3R which was
chosenbecause of recent knowledge within thénsworthgroup??” Compound126 was
dissolved in dry toluene in a flask under nitrogen containing T3P (1.3 eq) and DIPEA (2.6 eq)
and the reaction mixture left overnight at room temperature. The reaction mixture was
assessed by TLC which showed starting material remained and no new produciTgots.
reaction mixture was purified by column chromatography which yielded the starting

materials only.

2-dodecanol
DIPEA
[ :] T3P @
o} OH - -
0 (0] o (0]
0%
4 O 4 0
126 127

Schemed9: T3P mediated esterification attempt
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Scheme 53 shows another esterification attentpis time using DMAP and DCC in dry DCM
under N. The reaction mixture was assessed by TLC which showed starting material

remained and no new product spots.

2-dodecanol
DMAP

(0] o OH o o
0% o) W
4 O 4 0O
126 127

Schemeb0: Steglich esterification attempt using compoub#6 and 2dodecanol

Another route to the ester washerefore attempted, this timeusinganacyl chloride as an
intermediate.To make the @d chloride, acid26was dissolved in DCM with oxalyl chloride
and DMH®87) was used to catalyse the reactiofihe resulting product29was taken on

directly to the esterification without additional purification or characterisation.

¥ s e Oy

o\/> OH + - 0 cl

40/\[3/ N S R \/2\0/\([)]/
126 128 129

Schemeb1: Using oxalyl chloride to produce an acyl chloride for esterification with fatty
alcohols

O\/>~ Cl + R-OH — O\/j O._ + HCI
: “( (0] : "< (e} R
4 /\g/ 91% 4 /\([)]/

129 131

130
R =(CHz)11CH3

Schemeb2: Esterification with fatty alcohol via acyl chloride formation

With the acid chloridd 29in hand, attention moved onto testing the esterificatidgtyridine

was used in the acyl chloride reaction with the various alcohols, whiclvaitta base, and

as a nucleophilic catalyst to form an acylpyridium ion which is a better electrophile than
RCOCI.

Pleasingly, tie esterification via the acyl chloride with dodecanol (Scheme&ijuced a
91% vyield Therefore,the same conditions were used for the esterification of ttegious

fatty alcohols presented with their yieldsn Table 8.
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Table8: Reaction conditions angieldsfor the reaction between the benzyl protected acyl
chloride of poly (ethylene glycol) and fatty alcohols

O\/j* Cl + R-OH > ©\€o\/>\ O.p + HCI
(0] (0] R
129

R Yield / %
/\/\/\/\/\/\OH 91

130

132 OH 85

OH
O
mjo 1
O
133
OH 20
HO } 135

57

OH
136
21
OH 137
/m/\/\/\ 29
OH 14
O\

138

OH 79
139
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Table 8shows asmalldecrease in yield between the primary alcohetiddecanol {31)
from 91% to 85% with the secondary alcoBalodecanol {32). This yield is dramatically
reduced to 20% with tertiary alcoh&B4. Alcoholsl33, 136and 137 also had poor yields,
14%, 21% and 29% respectively, despite being secondary alclikedisbecause of the
increased steric hindrance. Primary alcoh#$and139had yields of 57% and 79% which
are lower than with primary alcohol-dodecanol {31). A generalmechanism for the

esterification via the acyl chloride is shown in Scheme 56

O\/j\ Cl + R-OH —— ©\‘<O\/>\ O., + HCI
() (0] R
), Aof A

Clpysy — G g
\ @3
©\<“70“fr RO Q%@O

Scheméb3: Esterificatiormechanisnvia acyl chloride

2.12 ALDOL CONDENSATI@NS THE HYDROGENATION AND REDUCTION OF ALDOL
CONDENSATES

One of the &tty alcoho$ used in the esterification reactions aboi83 (Hgure 40) had to
be synthesised, and importantlycan be derived from biomas3his was dondy first
starting with the aldol condensatiorf 86and40, as shown irscheme 5;/using the method

described in chapter.1

OH

133

Figure40: Structure of compound33
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Ethanol
KF/Al,O4
80C

2h

o 0
2 @) " |:/§ -
\_/ 99%

Schemeéb4: Aldol condensation of furfuraBg) and cyclopentanonet()

The proposed mechanism for the aldol condensatdfurfural 36) and cyclopentanone
(40) is shown in Scheme 58.

(0]
0] + O\ +H20
g h — e

Scheméb5: Cross aldol condensation mechanism of furfug&) @nd cyclopentanonet()

The double aldol condensate produg® was then hydrogenated and reduced to produce
fatty alcohol133. Compound39 was hydrogenated firstusing a standard hydrogenation
over Pd/Cas shown in Scheme 5Pd/C was added to a flask which was then purged with
N.. Methanolwas added via syringe followed bgnepound39 in methanol The reaction
mixture under nitrogen was then purged with Bitimes before leaving stirring vigorously
at room temperature for 8 hours. The catalyst was filtered out and the product extracted

in ethyl acetate at 92% yield.
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Pd/C 5%

Ha

Methanol o)
8h

—_—

0
92% 140

Scheméeb6: Hydrogenation of aldol condensate produg9

The ketonel40was then reducd with sodium borohydridén methanol under Nasshown
in Scheme 60The reaction was folload with TLC until completion before quenching with
deionise water dropwise and extraction with ethyl acetat@nce the reduction was

complete, compound.33was used in the esterification described above in Table 8.

NaBH,

OH
0] N, O
0 Methanol
_—
(0]
(0]
140 133, 100%

Schemé7: Sodium borohydride reduction of compouidd0

Another fatty alcohol identified from biofuel research derivable from biomass is compound

56. Schemeb1 shows the aldol condensation mechanism for compadahd

Mg-Al-O
Toluene
3h

O  Reflux |

\/\)J\
82%

54 55

55
Schemés8: Proposed mechanism for thédml condensation of compouris#
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The crossaldol condensation of54 and 55 produces compound56 which when
hydrogenated and reduced under the same conditions as seen previously, yields compound
136 (Figure 41).

\\//\/\6</\/
136

Figure4l: Structure of compound 36

CompoundL37 was produced in g&imilar manner. The aldol condensate efi@anone 90,
Scheme 6@ is hydrogenated and reducegbcheme 630 afford compoundl137, as
described in Schem@s.

Mg-Al-O
Xylene (0]

3h
H3C(H,C
)CJ)\/\/\/\ reflx . 2\)4;©\/\
™ HsC(H,C)
% 98% N (CH2)4CHs

Scheméb9: Aldol condensation of-Bonanone (90)

0]

H3C(H2C),4
PAICS% o
Hy 3C(H2C) (CH,)4CH,

Methanol

143

it N, HsC(H0)s
Methanol
H,;C(H,C
3C(HC (CH2)4CHs H3C(H2C)s (CHZ)4CH3
91 137

Schemes0: Hydrogenation over Pd/C and reduction with sodium borohydride-of 2
nonanone double aldol condensate.
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2.13 DEPROTECTION

As noted above,he surfactant tail and head groups were joined together through ester
synthesis (Schent). Once the tail groups (fatty alcoholsCRl SchemB6) were attached

to the head group 429 the head group needed to be deprotected. This was achieved
through hydrogenation to yield the final compoun@cheme 65). The final compounds are

listed in Figure 42.

©\/ Pd/C

Ha o) o]
(0] (ON < __ . - >
é/\oﬁ\”/ R H é/\oiz\”/ R
4 0 )

RTP

Schemes1: Deprotection of head group to yield final compounds with surfactant
potential
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150

149
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H. O
4
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151

(0] 152
H. o}
4
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0

Figure42: Final synthetic compounds with surfactant potential
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2.14 CONCLUSION

Fatty ketones from biomass researetere identified and synthesisedhrough aldol
condensations. Thé >unsaturated ketones werg¢hen hydrogenated and reduced to
produce alcohols for addition of a surfactant head group. Attempts to add anionic
(sulfonate) and cationic (quaternary amine) head groups to the hydroxyls failed. Focus
moved to the addition of a noionic head group, polyethylene oxide). To simplify
compound identification by NMR in the first instance tetraethyleneoxide was chosen as the

syntheic starting point.

One of the two terminal hydroxyls of tetraethylene oxide was protected with a benzyl group
to avoid reaction on both ends of the head group. From here Williamson ether synthesis
was attempted. Tosylate, iodide and bromide leaving groups were used underedif

conditions to promote etherification but to no avail.

An ester link rather than an ether link was decided upon and thus a carboxylic acid was
added via the terminal hydroxyl on the protected tetraethylene oxide because the selected

tail groups all have hydroxyl groups. The carboxylic acid was added via betio@aid.

Attempts at esterification through T3P mediated esterification and Steglich esterification
failed. Esterification through acyl chloride was successful and was used to prodagel9
compound with potential to exhibit surfactant characteristics after deprotection through
hydrogenation to remove the benzyl groufheir properties were explored as described in

the following chapter.
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2.15 EXPERIMENTAL

2.15.1 General Experimental

All reagents, except where stated, were purchased from commercial sources and used
without further purification. Anhydrous DCM and THF were obtained from an innovative
technology Inc. PureSolv® solvent purification system. Anhydrous DMF was purchased from
Merk. Unless stated otherwise, aHf and*C NMR spectra were acquired at 293 K and
recorded on a JEOL ECS400A, operating at 400 MHz (100 MHZ)famr a Bruker
AVIII300NB, operating at 300 MHz (75 MHZ%r0 @ / KSYA Ol f aKAFTaGa o010
per million (ppm) and the residual solvents peak for GDGM ®H ¢ T7)0 Rere used

as reference peaks. Coupling constants are denoted as J and reported in Hertz (Hz) to the
nearest 0.1 Hz. Abbreviations used to describe multiplicity are: s singlet, d doublet, t triplet,

g quartet, dt doublet of triplets, m multiplet. Infrad (IR) spectra were recorded on a

Bruker Alpha Il platinum ATR. Mass spectra ¢higlolution) were obtained by the
University of York Mass Spectrometry Service, using Electrospnégation (ESI) on a

Bruker Daltonics, MicrdOF spectrometer. Melting points were determined using
Gallenkamp apparatus. Thin layer chromatography was carried out on Merck silica gel
60Fs4 pre-coated aluminium foil sheets and were visualised using UV light (254 nm) and
stained with basic aqueous potassium permanganate. Flash column chromatography was
carried out using slurry packed Fluka silicagebS8&t n >Y3> cn ) = dzy RSNJ |

pressure, eluting with the specified solvent system.

2.16 REACTION PROCEDURES AND EXPERIMENTAL

2.16.1 Preparation of ether, carboxylic acid and intermediates

Compound 117Tetraethylene glycol monobenzyl ether

©vo\/\o/\/o\/\o/\/0H

Tetraethyleneglycol (172 mL, 1.00 mol) aacd0% agSodium hydroxidsolution (4.75 gn

9.50 mLwater, 0.120 mol) was stirred at room temperature for 15 minutes. Benzyl chloride
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(12.4 mL, 0.100 mol) was added dropwise and the reaction mixture heated to 100 °C for 24
hours. The reaction mixture was allowed to cool to room temperature and quenched with
cold water (150 mL). The aqueous phase was washed with hexane (2 x 100 rtiigrand
extracted with ethyl acetate (6 x 200 mL). The extracted organics were washed with ice
cooled water (2 x 150 mL), dried with magnesium sulphate and concentnatgdcuo
affording the title compound22.0 g, 75%) as a light yellow free flowing oil which was used
without further purification. Y 1 ®Hc 01 ®Ppr ma/SH (neat) 3249528650 T A
1102T +(800 MHz, Chloroforpd) 7.36¢ 7.22 (m, 5HHar), 4.54 (s, 2H, Pht), 3.73¢ 3.53

(m, 16H, OB, CHbh U €(75{MHz, Chloroforaal) 138.2 (Ha), 128.3 (20CHa), 127.7 (2C,

Har), 127.6 CHar), 73.2 (Hb), 72.6 OHy), 70.5 OHox 4),70.2 OHb), 69.4 CHb), 61.5 CHy).

These data are in accordance with those found in the literatiffe.

Compound 1191-Phenyt2,5,8,1%tetraoxatridecan13-yl 4-methylbenzenesulfonate

0
©\/O\/\O/\/O\/\O/\/O\S//
g

Compoundl17 (424 mg, 1.50 mmol) in THF (5 mL) was cooled to 0 °C and combined with
sodium hydroxide (237 mg, 5.90 mmol) in deionised water (3.5 mL) and stirred for 10
minutes at 0 °CToluenesulfonyl chloride (412 mg, 2.21 mmol) in THF (5 mL) was added to
the flask and the reaction mixture was allowed to come to room temperature then heated
to 30 °C for 3 hours and subsequently poured into cold deionised water (50 mL) and
acidified to pH using 3 M HCI. The product was extracted with DCM (3 x 30 mL), dried over
magnesum sulfate and concentratedin vacuo. Purification by flash column
chromatography (1:1 hexane: ethyl acetate) afforded the title compound (343 mg, 56%) as
a light yellow viscous 0il;R n®on omYmM KSEJHAEMHY, CHdiofosed) | OSG I G S0 X
7.82¢ 7.68 (M, 2HHa), 7.42¢ 7.18 (M, 7HHa), 4.52 (s, 2H, Pig), 4.17¢ 4.10 (m, 2H,

CHy), 3.73¢ 3.46 (m, 16H, A& CH,0), 2.39 (s, 3HHE). These data are in accordance with

those found in the literature??9230231

Compound 12113-Bromo-1-phenyl2,5,8,1%tetraoxatridecane

©\/0\/\O/\/0\/\0/\/Br
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Compound117 (284 mg, 1.00 mmol) was dissolved in DCM (5 mL) with stirring at 0 °C.
Carbon tetrabromide (410 mg, 1.21 mmol) was added to the flask followed by triphenyl
phosphine (420 mg, 1.62 mmol) and the reaction mixture was allowed to come to room
temperature and 8rred for 3 hours. The reaction mixture was concentraied/acuoand

poured into ethyl acetate (20 mL). The white precipitate formed was removed via vacuum
filtration and the mixture was concentrateth vacuo. Purification by flash column
chromatography (100% ethyl acetate) afforded the title compound (300 mg, 85%) as a
yellow oil; R 0.52 (ethyl acetate);/® n®on o6mYm SiKS@B00 MESGLl (S
Chloroformd) 7.42¢ 7.17 (m, 5HHa,), 4.55 (s, 2H, B#g), 3.79 (tJ= 6.3 Hz, 2H,H), 3.70

¢ 3.58 (m, 14H, O€CH,), 3.45 (t,J= 6.3 Hz, 2H,HKZ). These data are in accordance with

those found in the literature?®?

Compound 12213-lodo-1-phenyl2,5,8,1tetraoxatridecane

©VO\/\0/\/O\/\O/\/'

Compoundl119(438 mg, 1.00 mmol) was dissolved in acetone (1.7 mL), potassium iodide
(498 mg, 2.99 mmol) was added and the reaction mixture heated to reflux for 18 hours.
Once cooled the reaction mixture was filtered and the salts washed with acetone (5 x 10
mL). The iftrate was concentratedn vacuoand diluted with DCM then washed with
saturated sodium thiosulphate (3 x 25 mL) and brine (2 x 25 mL). The organics were dried
over magnesium sulphate and concentrated. Purification by flash column chromatography
(ethyl aetate: hexane 9:1), afforded théle compoundas a light yellow oil (334 mg, 86%);

RY ndoc 600 SiK=a&{300ME5 GhlotoBrrdp7ya2¢ K. S1HM, §HH0) T ¢
4.57 (s, 2H, Ph®), 3.75 (tJ= 6.7 Hz, 2H,Hp), 3.71¢ 3.61 (M, 12H, Q&CH,0), 3.25 (t)=

6.7 Hz, 2H, 16). Expected massf CisHx3lOs = 394.06 mass foundCisHzsINaQ = 417.0533,

error [mDa] 01. These data are in accordance with those found in the literattife.

Compoundl126: 1-pheny}2,5,8,11,14pentaoxahexadecari6-oic acid

o
©\/O\/\O/\/O\/\O/\/O\)kOH

Compoundl17(9.09 g, 32.01 mmol) was dissolved in dry THF (45 mL) with stirring under a

nitrogen atmosphere and cooled to 0 °C. NaH (60% in mineral oil, 2.40 g, 60.0 mmol) was
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added and stirred under nitrogen for 15 minutes. Bromoacetic acid (4.45 g, 32.03 mmol)

was added to a flask containing dry THF (45 mL) and cooled to 0 °C with stirring. The

solutions were combined and stirred at room temperature for 24 hours. Deionisést wa

(50 mL) was added to the reaction mixture and acidified to pH 2 with HCI (2 M). The product

was extracted with DCM (4 x 50 mL) and the organic layer dried with magnesium sulphate

and concentratedn vacuo Purification by flash column chromatographyhfd acetate:

KSEIFIYS nYm T SidkKef I OSi litie Sompodh&@ 7 g, B®M) asmY MO T | FF 21
lightyellowoil, Y noumM 0SUGKEt | QuicinfdySSt i GoKr o/ME  HWYyYoVTOST My 1
(300 MHz, Chloroforrd) 7.40¢ 7.18 (m, 5HHa), 4.56 (s, 2H, Ph), 4.11 (s, 2H,l:COO0),

3.78¢ 3.53 (m, 16H, & CH,O). These data are in accordance with those found in the

literature. 234

2.16.2 Aldol Condensations

Compound 56 and 56&,5-Dibutyl-5-methyl-2-propylcyclohex2-en-1-one

(0] (0]

Do TN ¢5¢

Toluene (160 ) was added to a flask containiddg-Al-O*(See 2.11.7 for preparation

details,3.84 g) and fitted with a DeaStark arm and condensdrexanone (11.45 g, 0.11

mol) was added to the flask at room temperature and the reaction mixture brought to reflux

with vigorous stirring for 6 hours. After this time the reaction was allowed to cool and the

catalyst was filtereaff and washed with toluene (3 x 20 mL) and ethyl acetate (3 x 20 mL).

The filtrate and was combined with the washings, dried over magnesium sulphate and
concentrated irvacuoto afford 56 and56ain a roughly 6:1 ratias a olourless oil (7.90 g,

y K3 madcm(neat) 2957, 2929, 2870, 1664, 1624{400 MHz, ChloroforAR 0 + p dcy 0 &%
0.15H 564), 2.281.79 (m, 7H), 1.49.96 (m, 13H), 0.96.58 (m, 12H)These data are in

accordance with those found in tHigerature. 17°

Compound 91 and 91&,5-Diheptyl-2-hexyt5-methylcyclohex2-en-1-one

0]

000
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Mg-Al-O* (2.69g), nonanone (3.8226.9 mmol) and xylene (80 mL) were added to a flask
fitted with a DeanrStark arm and condenser. The reaction mixture ieeted atreflux and
stirred for 18 hours. After this time the reaction was allowed to cool and the catalyst was
filtered off and washed with xylene (2 x 20 mL). The filtrate and washings were combined
and the solvent removeth vacuoto afford thetitle compoundas a colourless oil (3.4%,

98%); Ana/cm™ (neat) 3406, 2954, 2924, 2854, 1665, 1625 (800 MHz, Chloroforrd)
2.3%1.97(6H, m, C=G®), 1.48 (2H, s, C®K), 1.2%1.10 (28H, m, 1), 0.8%0.74 (12H,

m, (Hs); expected mass&Hso0: 390.39, mass four@/HsgNaO: 413.376@rror[mDal-1.4.

Compound 39(2Z,5ER,5bis(furan-2-ylmethylene)cyclopentanl-one

Cyclopentanone (10 mmol, 0.84 g) and furfural (20 mmol, 1.92 g) were added to a flask
containing ethanol (40 mL) and potassium fluoride on aluminium oxide (5.5 myipOR20

mgq) fitted with a waterless reflugondenser. The reaction mixture was stirred and heated

to 80 °C for 2 hours. After 2 hours the reaction mixture was allowed to cool to room
temperature before addition of ice cooled deionised water (50 mL). The resulting erange
brown precipitate was filtexd out of solution and washed with cold deionised water. The
addition of icecold water and subsequent filtration was repeated twice or until no further
precipitate was formed. The precipitate was dissolved in sufficient DCM and the solid
catalyst filteredfrom solution and washed with DCM until white. The aqueous solution was
extracted with DCM (3 x 40 mL) and the solvent from the combined organics was removed
by rotary evaporation to afford thditle compoundwhich was used without further
purification as an orangbrown powder (2.37 g, 99%)+(300 MHz, ChloroforaR0 + T ®pH
(2H, d, J = 1.8 HE=GIO), 7.28 RH,s,C=C), 6.63 BH,d, J = 3.5 HL=Gl), 6.47 2H,dd, J

= 3.5, 1.8 HAH=CHQ, 3.02 4H,s, (H,). Melting point: 164-165; expected massEi1.0;
240.08, mass foun@isHi2NaQ: 263.067%rror[mDa]-0.2. These data are in accordance

with those found in the literaturé®*

2.16.3 Hydrogenation of aldol condensates

Compound 1413,5-dibutyl-5-methyl-2-propylcyclohexanl-one
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(0]

S0

Pd/C (3% wt/wt loading, 1.13 g) was added to a 2 necked flask fitted with a suba seal and
a 3way gas tap connected to the vacuum line and a balloon. The flask was carefully purged
and filled with nitrogen through a balloon which was repeated 3 times. Methanol (50 mL)
was added to the flask through a needle and syringe to maintain the nitrogen atmosphere
followed bycompoundthe mixture of56 and 56a(7.32 g, 27.7 mmol). The balloon was
exchanged for a hydrogen balloon and the flask purged and refilled with hydrogen 3 times
then left vigorously stirring for 8 hours. After this time the catalyst was removed through
Buchner filtration and washed with legl acetate (3 x 30 mLJhe solvent organickom the
washes were combined and solvergmoved by rotary evaporation to afford thitle
compoundwhich wasnot further purified and was a light yellow qB.789,92% 0 Ja/cmy

! (neat)2956, 2927, 2871,860, 1708.

Compound 1433,5-Diheptyl-2-hexyt5-methylcyclohexanl-one

(0]

OO0 ST

Pd/C (3owt/wt loading,2.2g) was added to a 2 necked flask fitted with a suba seal and a
3 waygas tap connected to the vacuum line and a balloon. The flask was carefully purged
and filled with nitrogen through a balloon which was repeated 3 times. Methanol (50 mL)
was added to the flask through a needle and syringe to maintain the nitrogen atrsph
followed bycompoundVIl(7.12g, 18.2mmol). The balloon was exchanged for a hydrogen
balloon and the flask purged and refilled with hydrogen 3 times then left vigorously stirring
for 8 hours. After this time the catalyst was removed through Buchitiextfon and washed

with ethyl acetate (3 x 30 mL}he solvent organickom the washes were combined and
solventremoved by rotary evaporation to afford thele compoundwhich wasot further

purified and was a light yellow ¢B.629,933 0 Fa/cm (neat)2955, 2925, 2855, 1715.

Compound 1402,5-bis((tetrahydrofuran2-yl)methyl)cyclopentanl-one
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Pd/C (Bwt/wt loading,200mg) was added to a 2 necked flask fitted with a suba seal and
a 3way gas tap connected to the vacuum line and a balloon. The flask was carefully purged
and filled with nitrogen through a balloon which was repeated 3 tinkgthy| acetatg40

mL) was added to the flask through a needle and syringe to maintain the nitrogen
atmosphere followed bgompound39 (2419, 1.0mmol). The balloon was exchanged for a
hydrogen balloon and the flask purged and refilled with hydrogen 3 times then left
vigorously stirringdr 8 hours. After this time the catalyst was removed through Buchner
filtration and washed with ethyl acetate (3 x 30 nilt)e solvent organicBom the washes
were combined and solvememoved by rotary evaporation to afford th@le compound
which wasnot further purified and was a light yellow q@42 mg, 95.6%);R: 0.10 (20%
ethyl acetatein hexan® Tma/cn (neat) 2935, 2864, 173L (300 MHz, Chloroforral)
3.98;3.69 (4H, m, B,OCH), 3.688.48 (2H, mCH,OH), 2.23;2.11 (2H, m, B), 2.11¢1.57

(12 H, m, €), 1.5%1.14 (4H, m, B)).

2.16.4 Sodium borohydride reduction of ketones

Compound 1363,5-dibutyl-5-methyl-2-propylcyclohexanl-ol

OH

SO0

Methanol (30 mL) was added to an2ck flask which was purged with &hd cooled in an

ice bath for 10 minutes before adding sodium borohydride (1.77 g, 46.9 mmol) and purging
with nitrogen again. In a separate flask compoud8(8.31 g, 31.2 mmolvasdiluted in
methanol (20 mL) and then added via syringe to the first flask. The reaction mixture was
allowed to come to room temperature under stirring and the reaction was monitored by
TLC until completion. Deionised water was added dropwise to the reaatixture to
guench. Deionised water (20 mL) and HCI (20 mL) were added to the reaction mixture and
the products extracted with ethyl acetate (3 x 50 mL). The organics were combmed,

over magnesium sulphate and concentratedvacuoto remove solvento afford the title
compourd as a colourless oil (8.26 g, 99%).,/cm™ (neat)3461,2954, 2925, 28712859
14(300 MHz, Chloroforad) 3.6 (1H, SpHOH), 2.29¢0.93 (23H, m, €&, (H), 0.9¢0.68 (12H,
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m, GHs). Expected massfor GigHzeO: 268.28 mass foundzisHssNaQ 289.2502error [mDa}
-0.7.

Compound 1373,5-diheptyl-2-hexyt5-methylcyclohexanl-ol

OH

U0

Methanol (30 mL) was added to an2ck flask which was purged with &hd cooled in an

ice bath for 10 minutes before adding sodium borohydride (0.957 g, 25.3 mmol) and purging
with nitrogen again. In a separate flask compoudd® (6.62 g, 16.9 mmolvasdiluted in
methanol (20 mL) and then added via syringe to the first flask. The reaction mixture was
allowed to come to room temperature under stirring and the reaction was monitored by
TLC until completion. Deionised water was added dropwise to the reaatiature to
guench. Deionised water (20 mL) and HCI (20 mL) weredatddihe reaction mixture and

the products extracted with ethyl acetate (3 x 50 mL). The organics were combined,

over magnesium sulphate and concentratedvacucto remove solvento afford the title
compourd as a colourless oil (6.55 g, 98%/fcm™ (neat)3541, 2954, 2921, 2853.

Compound 1332,5-bis((tetrahydrofuran2-yl)methyl)cyclopentanl-ol

OH
(0]

Methanol (5 mL) was added to an2ck flask which was purged with Bnhd cooled in an

ice bath for 10 minutes before adding sodium borohydride (45.4 mg, 1.2 mmol) and purging
with nitrogen again. In a separate flask compouddwasdiluted in methanol (5 mL) and
then added via syringe to the first flask. The reaction mixture was allowed to come to room
temperature under stirring and the reaction was monitored by TLC until completion.
Deionised water was added dropwise to the reactoixture to quench. Deionised water

(5 mL) and HCI (5 mL) were added to the reaction mextéund the products extracted with
ethyl acetate (3 x 15 mL). The organics were combitieeld over magnesium sulphate and
concentratedin vacuoto remove solvento afford the title compourd as a colourless oil
(218.5 mg, 87%)R: 0.02 (20%ethyl acetatein hexan® Ta/cm™ (neat)3439, 2939, 2863,
2145:1 4(300 MHz, Chloroforrd) 3.95¢3.72 (4H, m, BOCH), 3.7€3.50 (2H, m, B.O0CH),
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3.24c3.09 (1H, m, B), 2.992.43 (2H, m, B), 2.1&1.57 (12H, m, ), 1.5%1.17 (4H, m,
CHy).

2.16.5 Preparation ofesters from acyl chloride

Compound 1291-phenyl2,5,8,11,14pentaoxahexadecasi 6-oyl chloride

Eo/\/o\/\o/\/o\/\o/ﬁ(CI
(e}

Oxalyl chloride (2 M solution in DCM, 15 mL, 30.0 mmol) was added to a solution of
compoundl126(3.43 g, 10.0 mmol) in DCM (50 nikljowed by a catalytic amount of DMF

(5 drops)under a nitrogen atmosphere. The resulting solution was stirred at room
temperature for 1 hour and concentrateéd vacuato remove all the solvent and excess
oxalyl chlorideand afford thetitle compoundas a colourless oiB.61 g, <99% based &

b a w 049300t MHz, Chloroforad) 7.27 (m, 5HHas), 4.50 (s, 2H, Pl), 4.42 (s, 2H,
CH,COCI), 3.64 3.50 (m, 16H, G&CH,0).Product was predicted to be unstable and was
used immediately without further purification or additional characterisatidn the

following synthe®s of esters.

General procedure for the preparation of esters from acyl chloride

EO/\/O\/\O/\/O\/\OWC'
¢}

ROH
Pyridine
DCM

EO/\/O\/\O/\/O\/\OWO\R
(o}

+ HCI

The selected alcohol (10.0 mmol) and pyridine (0.8 mL, 10.0 mmol) were added to a solution
of compound129(3.61 g, 10.0 mmol) in DCM (50 mL) with stirring at room temperature.

The reaction was followed by TLC and once complete the resulting organic solution was
washed with deionised water (4 x 30 mL) and the aqueous extract washed with DCM (30

mL). The organg&cwere combined and dried over magnesium sulphate and concentiated
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vacuoto remove solvent and purified by flash column chromatography to yield the desired

product.

Compound 154Dodecyl tphenyt2,5,8,11,14pentaoxahexadecarl 6-oate

0]
©\/O\/\o/\/0\/\o/\/0\)ko

1-Dodecanol (1.86 g, 10.0 mmol) and acid chlodi@é (3.61 g, 10.0 mmol) were reacted

using the general procedure for the preparation of esters from acyl chloride. Purification by
flash column chromatography (40% ethyl acetate in hexaffeyded thetitle compound

as a light yellow oif4.64 g, 91%);R ndmn o n k> S Ked/enMéal)l G S
HOPHHST HY PN Z4(300rMHa, Thiavoformay 741d 7.22 (m, 5HHa,), 4.59 (s, 2H,
PhG,), 4.14 (t, 2H, CO®R), 3.88¢ 3.52 (m, 16HOGHLCH0), 1.65 (pJ= 7.0 Hz, 2H,
COOCHM,), 1.43¢ 1.18 (m, 18H, (€2)oCH), 0.90 (t, 3H, GiaHz); 4 c(75 MHz, Chloroform

d) 170.5 C=0), 138.3@ay), 137.5 CHa) 128.3 CHa), 128.4 CHa), 127.7CHa), 127.6
(CHay), 74.7 ), 73.2 (£, OO), 70.9 (£, OH), 69.4 (£, OO), 68.6 (@H,), 64.9
(OCHy), 31.9 (Hy), 29.6 (2C0Hy), 29.5 (Hy), 29.5 (2CCHy), 29.3 (Hy), 29.2 (2C0H,), 28.6

(CHp), 25.8 OHy), 22.7 CHCH), 14.1 (OH).

Compound 155Dodecan2-yl 1-phenyt2,5,8,11,14pentaoxahexadecarl 6-oate

N

O/\/OV\O/\/OV\OWOW
o

2-Dodecanol (1.86 g, 10.0 mmol) and acid chlodi@é (3.61 g, 10.0 mmol) were reacted
using the general procedure for the preparation of esters from acyl chloride. Purification by
flash column chromatography (3:2 ethyl acetate: hexane) affordetitieecompound4.35

g, 85%) as a light yellow free flowing 0il.0R16 (3:2 ethyl acetaté S E | yidcthT(neat)
HoMHOZXZ HY p(B0F MHez tChlgrafora) 7.34 (5H, mta), 4.99 (m, 1H, G4, 4.57 (s,

2H, Ph&), 4.11 (s, 1H, FBCOOCH), 3.78 3.53 (m 16H, O8,), 1.67¢ 1.16 (m, 22H,
OHsCH(®1)0), 0.98¢ 0.76 (t, 3H, B30 ®(78 MHz, Chloroforrd) 170.0 0O0), 138.3@Ha),

128.3 (L, CHay), 127.6 (&, CHa), 127.5 CHay), 73.1 (@H,), 71.6 (@H,), 70.8 (@H,), 70.6
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(OCH; x 6), 69.4 (GHy), 68.7 (@H,), 35.8 (Hy), 31.9 OHy), 29.5 (HhX 2), 29.5QHy), 29.4
(Qb), 29.3 OHy), 25.3 CHy), 22.6 OHy), 19.9 OHb), 14.1 OHb).

Compound 1562-Octlydodecyl Xphenyt2,5,8,11,14pentaoxahexadecari 6-oate

EO/\/O\/\O/\/O\/\OWO
(6]

2-Octytl-dodecanol (2.98 g, 10.0 mmol) and acid chlor@® (3.61 g, 10.0 mmol) were

reacted using the general procedure for the preparation of esters from acyl chloride.

t dZNAFAOFGAZY o0& FflFakK O2fdzyy OKNRYF G2 3INI LKE
acetate in hexane) afforded thé&le compoundas a colourless viscous (193 g, 79%);:R

ndm dom: SiKeft |ehtioySH Ry KSHEDY @OFMHAS ™MT n
Chloroformd) 7.29 (5H, mka), 4.56(2H, s, Phig,), 4.13 (3H, s, ®GCOO0), 4.04 (2H, d=

5.8 Hz, COO), 3.84¢ 3.57 (16H, m, O&OH,0), 1.44c 1.16 (32H, m, ), 0.97¢ 0.80

(6H, t, GLCHs).

Compound 1573,7-dimethyloctan-3-yl 1-pheny}2,5,8,11,14pentahexadecarl6-oate

0]
©\/O\/\O/\/O\/\O/\/O\)J\o£/\/k

Tetrahydrolinaloo(2.27 g, 14 mmol), compound126 (7.58 g, 22 mmol), pyridine (7.3 mL,
90 mmol) and oxalydhloride(6.93mL, 80 mmol) were reacted using the general procedure
for the preparation of esters from acyl chloride. Purification by flash column
chromatography§0% ethyl acetate in hexanajforded thetitle compoundas a light yellow

0il (2.18 g20%);: RY nodun o6 p &> S Kaflom @chi 29031748 728 SE | y S (
1y (300 MHz, Chloroforrd) 7.34 (5H, m,Ha), 4.57 (s, 2H, Ph®), 3.96 (2H, s,
ROGLCOOCR), 3.683.50 (16H, m, Q&CH,0), 1.911.57 EH, m, G, CH), 1.34 (s, 3H,
COOCH;), 1.280.98 (4H, m, B), 0.890.69 (9H, m, B:0 ® (73 MHz, Chloroforad) 169.9
(C=0), 86.9 (C=0Y), 72.8 (@WHCOO), 7471 (6C, overlapping peaksBCAH0), 69.0
(OCH,CH0), 61.9 QOH), 39.4GH), 38.4 CHy), 31.2 CHy), 28.1 CHy), 23.7 (Hy), 22.8 (2C,
CHOH;(Hg), 8.3 CHe).
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Compound 1574-allyl-2-methoxyphenyl Xphenyl2,5,8,11,14pentaoxahexadecas 6-

oate

(0]
©\/o\/\0/\/o\/\0/\/o\)1\0

Eugenol(174mg, 1.06 mmol) and acid chlorid&29(1.5mL, 17.06mmol) were reacted
using the general procedure for the preparation of esters from acyl chloride. Purification
by flash column chromatograph@@®5b ethyl acetate in hexanajfforded thetitle

compoundas a light yellow oi{141mg, 28%); R 0.8 (60% ethyl acetate in hexane)

Compound 158((3r,5r,7ryfadamantanl-yl)methyl 1-pheny}t2,5,8,11,14

pentaoxahexadecari6-oate

(0]
©\/o\/\o/\/o\/\0/\/o\)1\0

Adamantane methanol (171 mg, 1.0 mmol), compo@@é (353mg, 1.0 mmol) anaxalyl
chloride (1.5 mL, 17 mmol) were reacted using the general procedure for the preparation
of esters from acyl chloride. Purification by flash column chromatography (40% ethyl
acetate in hexaneafforded thetitle compoundas a light yellow o{288mg, 57%); R 0.08

30: SikKet | OS (4d(3003ViHz, Chiokofral) 7y8%01B (5H, mHa), 4.07 (2H,

s, OGLCOO), 3.67 (2H, s, COOIC1.951.83 (3H, m, By), 1.7X1.53 (6H, m, B), 1.49;

1.39 (6H, m, By).

Compound 1603,5-dibutyl-5-methyl-2-propylcyclohexyl ipheny}t2,5,8,11,14

pentaoxahexadecari6-oate

140



(0]
©\/O\/\O/\/O\/\O/\/O\)J\O

Compoundl36(3.21g,11.9mmol) and acid chlorid&29 (3 mL, 35.0mmol) were reacted

using the general procedure for the preparation of esters from acyl chloride. Purification by

flash column chromatography (% ethyl acetate in hexafi@yded thetitle compoundas a

light yellow oil(1.48g, 21%); RY &2 SOKeft | QBnitinéd) 2964/ 20R7SE Yy S0
HY ¢ nZXZ uBO0NMHZ, Chloroforad) 7.41¢7.09 (5H, mHa), 4.48 (2H, s, Pit), 4.08;

3.98 (2H, m, O&Q00), 3.6€3.41 (16H, m, Q&H,0), 2.021.87 (2H, m, CH), 1.67.93

(20H, m, &), 0.930.59 (12H, m, k).

Compound 1613,5-Diheptyl-2-hexyt5-methylcyclohexyl iphenyl2,5,8,11,14

pentaoxahexadecari 6-oate

(0]
@\/O\/\O/\/O\/\o/\/o\)ko

Compound126 (1.04 g, 2.6 mmol), compound 137 (1.01 g, 2.9 mmol) and oxyalyl
chloridg(1.5mL, 17.5mmol) were reacted using the general procedure for the preparation
of esters from acyl chloride. Purification by flash column chromatography (% ethyl acetate
in hexane)fforded thetitle compoundas a light yellow 0{0.633, 30%); (% ethyl acetate

AY K S RdicyS(oedt)2923, 2855, 178.

Compound 16213-((2,5-bis(cyclopentylmethyl)cyclopentyl)oxy)l-phenyt2,5,8,11

tetraoxatridecane
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0]
©/O\/\O/\/O\/\O/\/O\)J\o

5O

Compoundl26(0.79g, 3.1 mmol), compoundl33(1.06 g, 3.12 mmol) anaialyl chloride
(1.5mL, 17.5mmol) were reacted using the general procedure for the preparation of
esters from acyl chloride. Purification by flash column chromatography (% ethyl acetate in
hexane)afforded thetitle compoundas a light yellow 0{0.25g, 14 %); R 0.16(60% ethyl
FOSGF (S Anpfcmik Geal)2808,2969, A74P (300 MHz, Chloroforrd) 7.38

7.12 (5H, mHay), 4.49 (2H, s, kOHy), 4.39¢4.25 (1H, m, CO®L; 4.2%4.16 (2H, m,

OH), 4.1%3.97 @H, m, €h), 3.9%3.68 (6H, m, BOGH,), 3.68;3.46 (6H, m, O&CH0),
2.20c0.73 (12H, m, ).

General procedure for the Pd/C hydrogenative deprotection of the benzyl protecting

group

©/\O/\/O\/\O/\/O\/\OWO\R

O

Pd/C
MeOH
H2

Ho/\/o\/\o/\/o\/\o/}(o‘R
o)

Pd/C (26 wtiwt loading, 240 mg) was added to a 2 necked flask fitted with a 3 way gas tap
and slowly purged with nitrogen. The catalyst was wetted with methanol (6 mL) under
nitrogen via septa and syringe and the benzyl protected alcdh60 mmol) was added to

the suspension in the same fashion. The nitrogen was purged and replaced with hydrogen
at atmospheric pressure and the reaction left at room temperature under vigorous
agitation for 16 hours. The reaction was followed by TLC!HNYMR and once complete

the gas vas evacuated from the flask via the vacuum line and was flushed with nitrogen,
this process was repeated 3 times. The reaction solution was filtered through a celite pad
which was sequentially washed thoroughly with methanol (3 x 10 mL), ethyl acetafd®(3 x

mL) and DCM (3 x 10 mL). The resulting organics were combined and dried over magnesium

sulphate and concentrateith vacuoand no further purification was required.
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Compound 145dodecyl 14hydroxy-3,6,9,12tetraoxatetradecanl6-oate

HO/\/O\/\O/\/O\/\O/ﬁ‘rO
(@)

Compoundl54 (4.64 g, 9.10 mmol) was hydrogenated via the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford tile
compound- & F fAIKEG EStfnami@YEl Do PomH A ot T
(300 MHz, Chloroforrdl) 4.13 (s, 2H, IB:COOQO), 3.7 3.50 (m, BH, OC GH.0), 2.61 (s,

1H, QH), 1.51 (tJ= 7.0 Hz, 2H, COEKCH), 1.24 (m, H, (&)), 0.90¢ 0.74 (m, 3H, B0 & 1

(75 MHz, Chloroforrdd 1+ @=0)] #2y6 (HO),70.8 (H:0), 70.5 (2 XxH,0), 70.4 (2 X

CH0), 70.2 ¢H:0), 68.5 ¢H,0), 62.5 (CaH.COO0), 61.5CO@H,), 32.6 (H,), 31.8 OHy),

29.5 (4 xCHy), 29.4 CHy), 29.2 (Hy), 25.7 (Hy), 22.5 (Hy), 14.0 (Hs); expected mass
CoHaNa0y;: 443.2979 mass foundGHaisNaG: 443.2B0, error[ppm] -0.1.

Compound 146dodecan2-yl 14-hydroxy-3,6,9,12tetraoxatetradecanoate

HO/\/O\/\O/\/O\/\OWOW/\/\/\/\/\
(e}

Compoundl55(4.35 g, 8.50 mmol) was hydrogenated using the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compoundas a light yellow oil (3.37 g, 94%)/cm™? 0 Y ST G0 HPHOZ HwWypnX
(300 MHz, Chloroforrd) 4.96 (m, 1H, G}, 4.10 (s, 2H,KECOC), 3.66 (m, 16H, BYCH,O),

2.52 (s, 1H, B), 1.64¢ 1.10 (m, 21H, (:)sCH(O)Ek), 0.93¢ 0.77 (4H, t, J = 6.9 HAHCHs).

1¢(75 MHz, Chloroforra) 169.9 C=0), 72.4@H0), 71.5(H,0), 70.6 ¢H:0), 70.4 CH0),

70.3 (H:0), 70.3 ¢H.0), 70.3 ¢+0), 70.1 (H:0), 68.5 Q0), 61.2 (O), 35.7 ¢+), 31.7

(), 29.6¢ 29.0 (5CCH,), 25.1 CHy), 22.4 (Hy), 19.7 OHy), 13.9 (ChHs); expected mass
GoHaaNa0y: 443.2979 mass foundsHiaNaGQ: 443.2984 error[ppm] -1.0.

Compoun 1472-octyldodecyl 12hydroxy-3,6,9,12tetradecanoate

HO/\/O\/\O/\/O\/\OWO
O
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Compoundl56(6.71 g, 10.77 mmol) was hydrogenated via the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compound & | f A3IK(G &St f.im!(Rd)i3450, f9RD 285331X48HAIT2;0 T A
1 4(300 MHz, Chloroforrad) 4.14 (s, 2H, CEGRCOO0), 4.04 (d, J = 5.8 Hz, 2H, GDDER.83;

3.55 (m, 16H,0GHCH;0), 1.63(m, 1H, E(CH),CH(CH),CH), 139¢1.10 (m, 32H,
CH(®)/,CH(CH,)oCH), 0.86 (t, J = 6.5 Hz, 6BIx OHs). L c (75 MHz, Chloroforra) 170.8
(C=0), 73.1 (@LCOO0), 72.7 (C=@p 70.9 (@H.CHO), 70.7 (@LCHO), 70.5
(OCH.CHO), 70.4 (@HCHO), 70.1 (@H.CHO), 68.7 (H), 67.7 (H,), 65.8 O+), 40.5
(), 37.3 (), 31.9 (Hy), 31.2 CHy), 31.0 (OHb), 30.1 (Hy), 30.0 CHy), 29.7 OHy), 29.6
(CHy), 29.4 (OHy), 29.3 (Hy), 26.9 CHy), 26.7 OHy), 22.7 (Hy), 14.2 CHs), 14.1 OHy);
expected mass#HsOr: 533.4111, mass foundzeHs107: 533.4386 error[ppm] -4.7.

Compound 1483, 7-dimethyloctan-3-yl 14-hydroxy-3,6,9,12tetraoxatetradecanoate

o}
HO\/\O/\/O\/\O/\/O\)J\O/ﬁ/\/k

Compoundl57 (2.18 g, 4.11 mmol) was hydrogenated via the general procedure for the

Pd/C hydrogenative deprotection of the benzyl protecting group to afford tikie

compoundas a light yellow 0il1(769,97> 0 falcm*0 Y ST G0 oncpZ HwWHOPpAI HYycChZ
(300 MHz, Chloroforrd) 3.96 @H, s, GL,COOCR 3.68¢ 3.50 (L6H, m, OGLCH,0), 1.91¢

1.57 (6H, m, 3 xHB), 1.34 (s3H, COOCE;), 1.280.98 (4H, m, 2 xHB), 0.8%0.69 (9H, m,

(Hg)® ¢ (¥5 MHz, Chloroforrd) 169.9 C=0), 86.9 (C=C%), 72.8 (@H,COO0), 7671 (6C,

overlapping peaks, @+CH:0), 69.0 (QH.CH.0), 61.9 QOH), 39.4(H), 38.4 CH), 31.2

(CH), 28.1 Hy), 23.7 COHy), 22.8 (2C, QBH:CHs), 8.3 (Hk); expected mass LHigNaOy:

415.2666 mass founoHioNaG: 415.2671 error[ppm] -1.0.

Compound 1492-Methoxy-4-propylphenyl 14hydroxy-3,6,9,12

tetraoxatetradecanoate
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(0]
HO\/\O/\/O\/\O/\/O\)J\O

Compoundl58(5.40g,10.02mmol) was hydrogenated via the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compoundas a light yellow 0il(289,952 U Fa/cm™ (neat) 3435, 2926, 2870, 1754, 1601
1 4(300 MHz, Chloroforad) 6.83¢6.63 (3H, m, k), 5.49 (1H, s, @), 4.15 (2H, s,KECOO0),
3.86 (3H, s, ), 3.7%3.57 (16H, m, A&CH0), 1.66 (2H, t, ECHCH,), 1.63 (2H, q,
OH.CH:CH), 0.91 (3H, t, B.CHOH3). 1 ¢ (75 MHz, Chloroforad) 171.1 C=0), 146.3 (K,
143.6 (G), 134.8 (@), 121.0 (CH), 114.1 (CH), 111.1 (CK), 72.6 (@H.CH0), 71.0
(OCHCH0), 70.7 (@HCH0), 70.63 (QH.GH,0), 70.61 (QH,0G+0), 70.4 (@HCH:0),
68.7 (AHCH:0), 61.7 (@H.CH.0), 55.9 GHCO0O), 51.9 (@+k), 37.8 CH.CHCH), 24.9
(HCGHCH), 13.8 OH.(H.CH); expected mass &HOs: 401.2097, mass foundtoHs2Os:
401.2170

Compound 150((3r,5r,7r)-Adamantanl-yl)methyl 14-hydroxy-3,6,9,12

tetraoxatetradecanoate

O
HO\/\O/\/O\/\O/\/O\)J\O

Compoundl159 (4.92 g, 9.14 mmol) was hydrogenated via the general procedure for the

Pd/C hydrogenative deprotection of the benzyl protecting group to afford tikie

compoundas a light yellow 0il4(05g,99> 0 falcm’ 0y ST G0 oncoX HWHANI H)
(300 MHz, Chloroforrd) 4.09 @H, s, OB,COO0), 3.8B.84 (2H, m, CO®), 3.70¢ 3.55

(16H, m, OGLCH,0), 1.941.85 (3H, m, B), 1.7X1.52 (6H, m, B,), 1.4&1.41 (6H, m,

CGQH).1 ¢ (75 MHz, Chloroforrd) 171.0 C=0), 74.3 (C=0%) 73.9 (AH.COO0), 73.1 (@),

72.6¢70.1 (8C, overlapping peaksO®CH.O), 68.6 COH), 39.§28.1 CH, G+, 10C, 10

peaks) expected mass AHsNaO7: 423.2353 mass found GiHseNaG: 4232357,

error[ppm] -1.0.
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Compound 1513,5-Dibutyl-5-methyl-2-propylcyclohexyl 14nhydroxy-3,6,9,12

tetraoxatetradecanoate

O
HO\/\O/\/O\/\O/\/O\)J\O

Compoundl160 (4.74 g, 8.00 mmol) was hydrogenated via the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compoundas a light yellow 0i3(90g, 973 U Fa/cm (neat)3480,2954,2927,2871,1746
1y (300 MHz, Chloroformd) 4.15-3.93 (3H, m, O&,COO, #), 3.773.56 (16H, m,
OG+CH.0), 2.081.35 (2H, m, B), 1.350.96 (20H, m, &), 0.960.71 (12H, m, ). 1 c (75
MHz, Chlorofornd) 170.2 (C=0), 72.T,C0OO0), 72.6GHCOW@H), 70.96 (CH.CHO),
70.93 (@H,CHO), 70.68 (GH.CHO), 70.64 (GH.CHO), 70.62 (QHCHO), 70.60
(OCH.CHO), 70.56 (GH.CHO), 70.39 (GHCHO), 44.3 (H), 43.8 (H), 32.8 (H), 32.5
(@), 30.5 CHy), 30.17 OHy), 26.5 CHh), 25.4 (Hy), 23.9 OHh), 23.2 OHb), 14.5 OHs), 14.4
(CHs), 14.3 OHs), 14.2 (Hs); expected massgHssNaO7: 525.3762 mass foundGsHsaNaGr:
525.3787 error[ppm] -4.8.

Compound 1523,5-Diheptyl2-hexyt5-methylcyclohexyl 14hydroxy-3,6,9,12

tetraoxatetradecanoate

0]
HO\/\O/\/O\/\O/\/O\)J\O
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Compoundl161(1.40 g, 2.50nmol) was hydrogenated via the general procedure for the
Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compoundas acolourlessoil (1.159,97: 0 Ja/cm?t (neat)3435, 2923, 2855,17471(300
MHz, Chlorofornd) 5.23-5.02(1H, m, O&,C00), 4.183.80(2H, m, O&,C00E), 3.78
3.56(16H, m, O€LCH,0), 1.721.36 (2H, m, B), 1.360.96 (38H, m, &), 0.960.73 (12H,
m, GHs). 1 ¢ (75 MHz, Chloroforrad) 170.2 C=0), 72.7 (OH.COOCH), 72.60H,CO@H),
70.06 (@H.CHO), 70.42 (GH.CHO), 70.61 (OH.CHO), 70.65 (QH.CHO), 70.69
(OCH.CHO), 70.93 (GHCHO), 33.3 CHy), 32.6 CHy), 31.931.7 (X overlapping peaks,
CHy), 30.6 CHy), 30.1 CHy), 29.229.3 (3C, overlapping peak3ibh), 29.4 (Hy), 26.9 CHy),
26.02 Ob), 24.5 CHy), 22.622.8 (4C, overlapping peaks), 1424.13 (3C, overlapping
peaks (Hs); expected mass#d:30;: 629.5350 mass foundz:/Hy:07: 629.5333 error[ppm]
-2.8.

Compound 1532,5-Bis((tetrahydrofuran-2-yl)methyl)cyclopentyl 14hydroxy-3,6,9,12

tetraoxatetradecanoate

0]

H. 0]
4

O 0

Compoundl62 (1.56 g, 2.76 mmol) was hydrogenated via the general procedure for the

Pd/C hydrogenative deprotection of the benzyl protecting group to afford titie
compoundas a light yellow 0il1(27 9,943 0 Fa/cm?(neattion o T < HPC NIy HY C P
(300 MHz, Chloroforrd) 4.31c4.39 (1H, m, CO®}, 4.0%4.11 (2H, m, B:COOR), 3.45

3.85 (23H, m, G&CH,0, GLOM), 1.0%2.21 (18H, m, B:CHy). L ¢ (75 MHz, Chloroform

d) 170.1 C=0), 72.7 (2CCH), 72.5 (2C, Oy, 70.2,70.4 (7C, OHCHO, overlapping

peaks), 69.8@HC=00), 67.0 (CA@Bl) 61.3 QOH),36.0 (H),35.7 (H),31.7 (20+), 31.5

(2C,CH,), 25.6 (2CCH,), 25.5 (2CCH,); expected mass LHuNaOy: 511.2878 mass found
GsHaaNaQ: 511.2871 error[ppm] -1.2.

2.16.6 General procedure for the aldol condensatidr?-hexanoneusing Qube
apparatus
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2-hexanone (2 mmol), Mé\l-O (200 mg), dodecane (100 mg, internaliBD standard) and
toluene (3 mL) are loaded into at@be (12 mL) within a praeated aluminium block at
150 °C with vigorous stirring. After 3 hours the reaction mixture is filteredutjinacotton

wool prior to GEFID analysis.

2.16.7 Preparation of MgALO

Mg-AFO was prepared following the literature procedure outlined by Sacia ¥t al
Hydrotalcite (nagnesium alumilum hydroxycarbonateMgsAL(CQ)(OH)s - 4HO) was
calcined(heated to activate the catalysgt 700 °C for 2 h with an oven ramp rate of 2 °C
Prior to optimisation the catalyst was either stored under vacuum or used within 2 hours
of cooling. After optimisation the calcined catalyst was allowed to cool and sit on the

benchtop for a minimum of 2 days before use.
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Chapter 3

3 INVESTIGATION OF THE PROPERTIES AND FUNCTIONALITY OF
NOVEL SURFACTANTS IN COMPARISONNBIOSTRIALLY
PRODUCED SURFACTANTSHE PURSUIT OF SUITABLE
APPLICATIONS

149



3.1 INTRODUCTIOAND AIMS

A range of analytical methods were used to determine possible applicatiothsanalyse

any surfactant propertiesf the final compounds (Figu#8) produced in this work

/Oé/\oi\goj/\/\/\/\/\
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Figure43: Final compound445-153synthesised in this study and subjected to analysis for
identification and comparison of surfactant properties

Of particular interest was an assessment of whether the range of novel surfactants

synthesised during this studgFigure 43) could potentially be used as less harmful,
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biodegradable replacements for perfluorinated surfactants. Replicating the hydrophobicity
of perfluorinated surfactants was chosen as the aim of this study over replicating the
resistance to chemical, thermal and biological degradation in order to aligm tive
principles of green chemistry and avoid synthesis of compounds which are persistent in the
environment. Hydrophobicity is also a preferable target to oleophobicity as the intension
was to use biomass derivable starting materials with which it wbeldifficult to produce

a nonwater soluble oleophobic tail group due to the nature of the starting materials.

Several bioderivable alcohols were chosen to use as starting materials for the hydrophobe
portion of the surfactant (Tabl8). Having a range of bioderivable hydrophobes was a key
aspect of this work firstly because waste biomass is a renewable resource and secondly

because it increases the likelihood that the final compound will be biodegradable.

Compoundl48is based on linalool, a naturally occurring and extractable terpene found in
flowers. Compound49is based on eugenol, found in clove oil or derivable from biomass
through lignin depolymerisation. The ability to access eugenol from biomass waste as well
as extraction from cloves is an advantage because it does not require the sacrifice of food
crops fa fuel production. Compounil47is based on a Guerbet alcohol produced by Croda.
The Guerbet reaction is utilised by biomass derived fuel researchers as a way to lengthen
carbon chains and improve the quality of fuels. Compoutftsand 152 are based on
double selfaldol condensations of methyl ketones derivable from biomass through
hydrogenation and hydrolysis of 2[BVIF(87), derived from the platform molecule HMF

(16) or through DakifAWest reactions. Finally, compoud&3is derived from the alcohol

produced by the aldol condensation of cyclopentanone and furfural.

The polyethylene glycol (PEG) hydrophilic head group common to all of the final compounds
was chosen because Croda has an existing process which is used for their range of
renewable ethoxylated products in their ECO range which are produced through
bioethanol. The relatively short PEG chain (4 units) was chosen because a high purity
tetraethylene glycol was available commercially which makes structural determination

easier during synthesis.
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Table9: Final compounds antthe bioderivablealcohols used to produce hydrophobes

Alcohol

Final compound
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Standard industry techniques such dgnamic light scattering and the Wilhelmy plate
method were employed to analyse and compare the properties of the surfactants. The
laboratories at Croda house thmajority of theinstruments used in this study to analyse
the structureperformance relationship of the surfactants and a comparison of their
performanceagainstknown industryproducts(see Tablel0) and perfluorooctanoic acid
(PFOA

Table 10: Industrial products and information on manufacture and structure for the
industrial produced used for comparison with compoudd&-153.

Product name Representative structure Product information

Alpha fatty alcohols
(range of chain
lengths,

O/\?O\H predominantly C12:0)
4 with an ethoxylate

Brij LALQ(AP) e

chain distribution
around the nominal

figure

Alphafatty alcohos
(chain lengths approx
SN 0

Ofy l“ 5096C9:0 anc0%

50%, 164 C11:Qwith an

Ofw())H ethoxylate chain
5

distribution around

Synperonic
91/5-LQ(RB)

50%, 165 _ _
the nominal figure

Alphafatty ester
(range of chain
lengths,
Cithrol 4ML W o predominantly C12:0
LQ(RB) 166 Of\/ >8H with an ethoxylate
chaindistribution
around the nominal

figure
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GCompound 145 (FHgure 43) was synthesised in order to establish a route to a fatty chain
ethoxylated surfactant that could later be adjusted to add more interesting and novel
hydrophobescompared to surfactarst produced to industry standardS.he industrially
produced samples of Brij, Cithrol and Synperonic (TéhlEiguredd) were chosen for their

structural resemblance to compouriais.

\/\/\/\/\of\/OZH

50%
o ho) ’ Brij L4-LQ-(AP)
50% 5

Synperonic 91/5-LQ-(RB) \/\/\/\/\/\)J\Oﬁ\/o H

Cithrol 4ML-LQ-(RB)

H/Oé/\oz/\g/o H/Oé/\oﬁ(ow

145

146

147 148

.0 (o]
. {”o%(
4 O

Figure 44: Representative structures for the Industrially produced surfactant samples
(purify unknown but likely to be a distribution of fatty chain lengths from natural oils and
variation of ethoxylate chain length) alongside the structures of compoA8<48.

Brij and Synperonic have predominantly 4 PEG units and a linear alkyl chain however does
not have an ester link between the two. Cithrol does have the ester link, however, the
orientation of the ester group is reversed, with the hydrophobe portion produehing

from a fatty acid then undergoing esterification as opposed to the hydrophobic portion of
the final compounds synthesised in this study coming from alcohols before esterification.
The comparison between Cithrol, Brij, Synperonic and compdditamayshed light on the

effect the ester linkage has joining the hydrophilic head and hydrophobic tail groups

together, compared to direct ethoxylation of the fatty chain.
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Cithrol has an average PEG chain length double that of the final compounds produced here.
The similar linear alkyl chain lengths of Brij, Synperoniddbare useful for observing any
difference in solubility and performance doubling the PEG chain length may have when

comparing to Cithrol.

Any comparisons between the finabmpounds and the industrially produced products
should be considered with the difference in purity in midd is typical with industrially
synthesised surfactantdhe products are not synthetically pure and are of unspecified
purity. Starting materials used for surfactant synthesis are often natural oils such as

rapeseed oil and palm oithich contain a distribution of fatty chain lengths (Figd&:

60.0 56.3

50.0

41.7
40.0

30.0
m Palm Qil

m Coconut Ol
20.0 18.9

Percenage of distribution / %

8.6 9.1
10.0 6.2 6.2
A @ o 4 H
0.0
8 10 12 14 16 18

Fatty Acid Methyl Ester Chain Length

Figured5: Fatty Acid Methyl Ester Carbon Chain length distribution in Palm Oil and Coconut
Oil.

The ethoxylation process, polymerisation through ring opening ethylene oxide, also tends
to lead to some variation in ethoxylate chain lengthkis translates to a product with tail
groups that have a range of carbon chain lengths and saturation. The products may also
have impuritiecarried through from starting materials or synthetic steps which would not
be removed unless the product quality suffereat,the impurity was restricted by law.
Caution in interpreting the data produced should therefore bedisrhen comparing the

compounds synthesised in this study with those produced industrially.
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Schemeb2: Acid and base catalysed mechanisms for the addition of poly(ethylene oxide)
head groups

Typical industrial methods to investigate the properties of surfactants were employed such
as critical micelle concentration (CMC) determination through the Wilhelmy plate static
surface tension method and dynamic light scattering and dynamic surfaceorensi

measurements using the maximum bubble pressure method.

Observing the relationship between the surfactant concentration and surface tensing

the Wilhelmy platestatic surface tensiormethod gives an insight into the effective
concentration of the surfactanthrough knowledge of the CM®ynamic light scattering
techniques can also be used to determine CMC and provide information on micelle size.
The maximum bubble pressure methodn be used tanalyse the dynamic surface tension

at different concentrationswvhich givesinsights into the speed at which thairfactant

reaches a newly formed surface and how that can be related to the structure.

Measuring hydrophobicity was initially a major focus of this study because the synthetic
aim was to produce surfactants with enhanced hydrophobic tail groups which have the
potential to replace perfluorinated surfactants when used for water repellencereGtly

hydrophobicity measurements usually apply only to solid surfaces through the contact

angle of a droplet of ultrgoure water on a solid surface, as showrrigure 46:
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Water droplet A

Solid

Figure46: Contact angle of an ultrapure water droplet on a solid surface

This is known as the sessile drop technigBequick, simple method of assessing the
hydrophobicity of liquid films or adsorbed liquids is not currently knolimproduce a solid
surface to use for the sessile drop technique the surfactant can be formulated into a plastic
sheet by blending the surfactant into the softened plastic during extrusiba.effect the
surfactant has on the hydrophobicity thfe plasticsurfacecouldthen be measurd through

the contact angldbetween a water droplet and theheetof plastic The concentration at
which the sufactant is introduced as an additilifore extrusiorcould be varied, starting

from an initial concentration betwee®-5%wt/wt.

During extrusion the surfactant additive in the plastic is distributed evenly through the
plastic. After extrusion andhapng the surfactant typically migrates from the bulk to the
surface over a period of time. The contact angle of surfae of the plasticcan be
measured immediately after shaping and at intenai®r this as the surfactant migrates

to the surface andiffects the surface tension. When no further surfactant reaches the
surface, the surface tension measurements would platdéus techique would give an
indication of how quickly the surfactant migrates to the surface and what effect the
presence of the surfactant has on the hydrophobicity of the surface. In this manner the
optimal surfactant concentration can be determined and a sudabhe period for rest
after shaping prior to use could be suggested. The structural differences between surfactant
compounds could also be studied with respect to the effects on migration time and

hydrophobicity of the resulting surface.

Unfortunately, he extruders available for use York and at Crodaquire the production

of the novel surfactants at a 5000 g scale, a scale not plausible for some of the target
compounds. Initially the aim of this study was to synthesise novel surfactants, analyse them
and use the analysis to inform the next roundsghthesis. Producing novel surfactants at
the scale necessary for extrusion studies would introduce another time pressure and reduce

the number of surfactant candidates synthesis€derebre, the method development was
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undertaken by measuring the hydrophobicity of the surfactants without increasing the
production scale and using the extrud&his would greatly reduce the time taken to collect
data needed to compare the hydrophobicity of perfluorinated surfactants and the synthetic
target compounds. The method development centred around techniques to reproducibly
adsorb surfactants to a solidilsstrate. Such a method would mimic the use as a plastic
additive whilst making use @fmore achievable scale (5 g) of materiaéded for the range

of other analytical techniques at Croda.
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3.2 MEASURING HYDROPHOBICITY AND CREATING A SURFACTANT MONOLAYER ON
A SOLID SUBSTRATE

This study aims to design and synthesise novel biobased surfactants which can enhance the
hydrophobicity of surfaces. In order to assess #iféect of the surfactantson the
hydrophobicity of the surfacemethod development was needed to enable contact angle
measurement of a liquid. This woutémove the necessity of scale up aatiow small
amounts of surfactants to be synthesised in the lab tested more frequentlyenabling a

more informed design process.

3.2.1 The Sessile drop technique

The hydrophobicity of a solid surface can be quantified using contact angle measurements
obtainedusingthaS 8 8 At S RNR LI 6§ SOKYyAljdzS® ¢KS YSI &dzNBYS
of high purity water placed on a smooth surface to provide a direct measurement of
KERNRBLIK20AOAGE 2F (KS HuatodaR shavdzNiguredB>> 8+ a SR 2

Young’s Equation
ys =yl + yvcos® \ 3%

Water droplet \

Solid

0 = Contactangle

y*! = The solid/liquid interfacial free energy
y*' = The solid surface free energy

v = The liquid surface free energy

Figure47: Schematic of the measurement of contact angle of water droplet on solid
substrate

The contact anglé 0 C A7H omdEired using th sessile drogechnique gives an
indication of the wetting properties of that solid. A contact angle of 0° describes the

complete wetting of a surface, an acute angle90°) is described as a hydrophilic surface.
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A hydrophobic surface is defined as a surface with an obtuse contact angle in-1990
range when water is the wetting liquid, whilst a surface giving 150° the surface is

considered to be superhydrophol(Eigure 48)

Complete wetting Hydrophilic surface
0=0° 8=0-90°
‘\vlv
AY
AY
Water droplet \
- \
I I Solid
Hydrophobic surface Superhydrophobic surface
6 =90-150° 6 = 150 - 180°
%
v
Y
/
!
SV
D v

Figure48: Surface descriptions based on the degree of wetting of that surface with a droplet
of water using thesessile drop technique

A contact angle goniometer uses a higgfinition camera to take closep images of
droplets of <10 uL, as up to this point the effect of gravity on the droplet is negligible. The

software can then automatically assign the contact angle, or it cartegrdinedmanually.

Measuring a contact angle is a quick and easy way to assess the hydrophobicity of a solid
surface, however reproducibility can be an issue. Measurements are affected greatly by a
number of factorsdroplet size, time since surface was created, humidity and temperature.

As a result, measurements are usually taken as an average of several values preferably in a
temperature and humiditycontrolled room using an automated liquid dispenser that can
deliver the same droplet volume reliably. In this study the megaments were repeated
several times on several places along the same solid sample. Despite precautions minor
inconsistencies on a surface such as dust oragid variation in roughness and uniformity

of the surfacecan have a large impact on the contact angle and therefore contact angle

measurements should be repeated frequently and treated with caution.
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3.2.2 The Retraction Method

In order to measure the hydrophobicity of liquids using contact angle measurements they
must first be loaded onto a solid substate. The creation of a surfactant monolayer which is
loaded onto a cleanHigh energysmooth solid surface was the work of Zismaathe

retraction method (Figurd9):%%’

1Rem0ve from liquid
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¥ \
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Figure49: Schematic of the retraction meth&d.

This process involves immersing a solid, for example a glass slide or metal plate, into a
solution of solvent and the surfactant of interest. The surfactant concentration must be
equal to or above the critical micelle concentration (CMC) for absorpti@irbnolayer.

The surfactant molecules adsorb along the surfaces, including that of the glass slide, and
the glass slide can be removed vertically leaving a surface coated with a surfactant

monolayet which is of lower energy.
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This method is subject to temperature dependence and the solvent used must have a
greater surface tension than the critical surface tension of the solid (coated with the

monolayer) to achieve a dry monolayer upon removal.

Zisman commented on thpossibility of solvent molecules that due to their shape.,
octadecyalmine used as a retraction solvent for steric acid) could penetrate the monolayer
and therefore produce mixed films. It was also established that these mixed films were
metastable. Given enough time for the adsorption equilibrium to be establistietie

surface a true monolayer was produc&d.

Perfluorooctanoic acid (PFOZ§in Figures0) was selected for this experimeas a model
compound in our method developmertecause PFOA is a surfactant known to be
superhydrophobic, toxic and persistent in the environment, currently under heavy
regulation and requiring replacement in many applications. Octanoic B8r{ Figures0)

was chosen because it has the same carbon skeleton as PFOA without the perfluorination
and has been chosen for this experiment to provide a comparison between the
hydrophobicity of perfluanated surfactants and a more traditional linear surfactant tai

groups.Any differences between the two can be attributed to the perfluorination.

e RFRFRF g HHHHHH

25 167
Perfluorooctanoic acid Octanoic acid

Figureb0: A comparison of perfluommctanodc acid 5, PFOA) and octanoic acib().

As PFOA is known fwroduce superhydrophobic anstain surfaces, an angle of 150° or
above was expected when denised water is applied to glass slides coated with a

Y2y2tL88NJ 2F tCh! ® hOlly2A0 FOAR Aa SELISOGSR G2
150°238

The glass slides were cleaned irideised water and acetone in the sonic bath and dried
with compressed air to keep the surface as clean as possible to promote an even coverage.
The cleaned glass slides where then left in their solutions for 48 houssldw the

molecules & the surface to come into equilibrium before removal. In theomhen
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equilibrium is reached the surfactant molecules should have produced a monolayer on the
surface of the glass. When this slide is removed vertically from the solution the monolayer
is extracted intact and the remaining surfactant is left in solution. Figliie a schematic

of this theoretical result

Superhydrophobic contact angle
150°-180°

Surfactant Monolayer

/

[ : 1

Figure51: Schematic of water droplet on top of fluorosurfactamonolayer exhibiting
superhydrophobic contact angle

The results detailed in FiguB2 and Tablell show thatelevenglass slides were cleaned
and four of the slides had contact angle measurement taken of the surface to see if a

reliably clean surface could be produced
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Glass slide 1 62.
Glass slide 2
Glass slide 3 ks

Glass slide 4 42

I
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o

Hexane
Octanoic acid - spin coated
Octanoic acid 10 mM

Octanoic acid 100 mM 124.1

w
o]

Octanoic acid 5 % v/v,
Perfluorooctanoic acid 10 mM 81.3

Perfluorooctanoic acid 100 mM 37.5

0.0 20.0 40.0 60.0 80.0 100.0 120.0
Contact Angle ?

Figureb2: Bar chart for a visual representation of the contact angles describ&abile 11.
Error bars are based on one standard deviation

Table11: Contact angle and water droplet volume results obtained via the retraction
method of sample preparatian

Contact Contact Droplet Droplet Volume
Sample Description | angle/° | angle STD/ °| Volume / uL STD /L

Glass slide 1 62.61 5.10 5.09 1.10
Glass slide 2 42.33 4.08 5.37 4.60
Glass slide 3 15.67 2.15 2.49 0.86
Glass slide 4 42.33 4.08 5.37 4.60
Hexane 50.46 7.59 4.23 3.19
PFOA (10 mM) 81.34 5.01 4.31 1.88
PFOA (100 mM) 37.51 3.60 2.44 0.92
Octanoic acid spin

coated 34.89 8.42 3.79 4.01
Octanoic acid (10 mM)| 16.87 3.14 1.78 0.27
Octanoic acid (100 mM 124.11 5.64 6.43 6.43
Octanoic acid (5% v/v)| 38.79 1.04 1.59 0.16
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There is a large variation (15.7° to 62.2°) in the data fronfdbeglass slides prepared in

the same manner. The slide immersed in hexane had a contact angle of 50.5°, within the
range observed for the clean glass slides. The slide immersed in octanoic acid (10 mM) and
spin coated with octanoic acid both also producedtest angles within the same range as

the clean glass slides. The more concentrated octanoic aid solution (100 mM) significantly
increased the contact angle produced to 124.1° +5.64, ithiwthe expected range for a
hydrophobic surface (9050°).

Assuming a higher concentration may be key to producing the monolayer, a higher
concentration solution of octanoic acid was prepared (5% (#aple 3).This theory was
confirmed to be incorrect as the higher concentration solution produced a 38.8° contact
angle (hydrophilic). Neither of the slides immersed in PFOA had the expected
superhydrophobic contact angle (15080°) nor did the contact angles regt the increase

in concentration as seen with octanoic acid. The lower concentration solution (10 mM)
produced an angle of 81.3° and the higher concentration 100 mM) produced an angle of
37.5°.

The contact angles for the clean glass slides show large disparity between one another, the
slides submerged in PFOA produced hydrophilic contact angles instead of the expected
superhydrophobic angles and one slide produced from octanoic acid solutiompfad

a contact angle within the predicted range. However, there seemed to be no reasonable
trend with respect to the concentrations of octanoic acid and there were large standard
deviations and very poor reproducibility throughout and therefore theada deemed

unreliable.

Visual inspection odislide submerged int the 100 mM PFOA showed an uneven coverage.
Figure53shows a backlit visual inspection of the slide after measurement and what appears
to be an uneven deposition of PFOA on the surface of the glass and possible crystallisation

in a noruniform manner
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Figureb3: Photograph of backt sample slide preparediathe retraction method

Figure54is a schematic of a possible mechanism to the uneven deposition séaune

53

. . —-_—) ®
@ %
Droplet of surfactant dissolvedin solvent
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Figure54: Schematic of drying and crystallisation process during the drying time of the
retraction method

As seen in Figurgd, using PFOA (100 mM) as an example, the slide is removed from the

solution and placed on a flat surface with some liquid still visible on the surface. As the
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solvent from thePFOA solution begins to evaporate, the larger droplets of solution form
smaller droplets, keeping the surfactant in solution until the droplet volume decreases
beyond the solubility limit and PFOA is deposited onto the glass in-amform manner.

The results do not suggest a monolayer deposition has been achieved. The concentration
of surfactant (or compound) of interest, the solvent choice, the choice of a glass surface,
the cleanliness of the glass and the drying time are all factdishwvould influence the
success of a monolayer depositioRurthermore the noruniform deposit of crystals
suggests that the crystal lattice energy could be stronger than theglag$ interactions

and suggest the glass could be of an unsuitable surface energy for a monolayer deposition.

Although it is likely that thenon-uniform surface coverage and inconsistent cleaning
methodis responsible in the majority for the lack of reproducibility, the use of the theta lite
contact angle goniometealso introduces error into the experimeasit hasmanual liquid
dispensing. The amount of denised water deposited onto the glass is manually controlled
through a screw top syringe and to achieve a consistent volume betwedhiQ is very
difficult in this way. A goniometer with computeontrolled syringewould greatly reduce
human error and improve reliabilit¥e thereforeconcudedthis method requires much
time-consuming development and more robust method with better reproducibility is

required for reliable data.

3.2.3 Loading hydrophaobic liquids onto silica

To improve upon the method attempted above a different solid support was chosen: K60
silica. A solution of the compound/surfactant of interest was added to K60 silica and the

solvent removed by rotary evaporation. A more evenrdisition of product was expected

due to the constant rotation of the sample vial and gradual removal of solvent during rotary

evaporation. The removal of solvent also removes any issues with mixed films that may

have been produced using the retraction method

Octanoic acid and PFOA were used in this study to enable comparison with the retraction
maethod and ctanol samples where also analysed to assies effect ofa change of head
group.Octane was also analysed because if a hydrophobic molecule could be successfully
analysed then the effects of chain length, unsaturation, branching and ring and cage
structures could be assessed without the necessity of sourcing the compound with the

specfic head group or adding to a synthetic route.
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K60 sitawas chosen as the solid suppas it has a narrow particle size distribution which
helps to make the method reproducible and is not costly, an important ceratidn for a

method which may be utilised throughout the project.

It was hypothesised that the silica particles would be evenly coated with the compound of
interest as the solvent was removed during rotary evaporation. The hydrophobic silica
would then repel a water droplet to different extents, different contact angtegyending

on the compound used for coating. Figl®is a schematic of the expected result

K60 Silica

Figure55: Schematic of the expected effect on contact angle with doésed water
droplet of coating silica in octanol

Figure56is an image of the silica samples treated with octane, octanol and octanoic acid
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Figure56: Silica samples treated with octane (top), octanol (middle) and octanoic acid
(bottom) at 20%, 40%, 60%, 80% and 100% w/w with respect to silica from left to right.

A visual inspection of the samples showed that for octane all the samples were free flowing
powder, whereas for octanol and octanoic acid the samples began to form -fikgel
substance at 80% twt. The freeflowing powders for all loadings of octane once solvent
was removed suggests that much of the octane may have been removed during rotary

evaporation.

All freeflowing powder samples were poured over adhesive tape and pressed to create as

flat a surface as possible for contact angle measurement. Those samples which were not
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