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Synthesis and applications of homoallyl hydroxy fatty acid derivatives. Novel LCNVAs as TRPV1 and FAAH modulators

SUMMARY

Vegetable oils are an important renewable raw material for the chemical industry. Homoallyl
hydroxy fatty acids such as ricinoleic or lesquerolic acid are highlighted within this oils. They lead to a
large number of derivatives with multiple applications, both industrial and pharmaceutical. This work
was focused on obtaining and using a,B-unsaturated carbonyl fatty acids through selective processes.
First at all, one-step oxidations of the hydroxy group of these acids were studied. For this, both
transition-metal and metal-free oxidants were evaluated. Finally, a methodology based on the use of
the Shvo’s catalyst, a ruthenium(ll) complex, and acrolein, which was employed as hydrogen
acceptor, was developed. The optimization of the reaction conditions allowed the synthesis and
isolation with good yields of the corresponding a,B-unsaturated carbonyl fatty acids from ricinoleic
and lesquerolic acid and also their derivatives. Subsequently, sebacic acid was obtained from the a,B-
unsaturated carbonyl fatty acids previously synthesized. This dicarboxylic acid has a great industrial
interest. Usually, sebacic acid is obtained by the alkaline fission of castor oil. This process requires of
high concentrations of sodium hydroxide and high temperatures making it inefficient from an energy
point of view. In the present thesis, various synthesis routes were explored to carry out the oxidative
cleavage of a,B-unsaturated carbonyl fatty acids to the corresponding dicarboxylic acid. Hence,
environmentally friendly catalysts and oxidants, as well as more efficient heating systems such as
microwave ovens or ultrasound reactors were studied. Among them, the Oxone™/NalO, system was
the one that allowed the synthesis of sebacic acid in good yield. This procedure shows to be a more

efficient way than the one currently used in the industry.

Finally, new long-chain N-vanillyl acylamides (LCNVAs) were designed and synthesized from
ricinoleic and lesquerolic acid with the aim of developing a new family of molecules exhibiting dual
biological activity against pain receptors such as the TRPV1 receptor and the FAAH enzyme. For this
purpose, chemical modifications were introduced in the homoallylic alcohol, leading to 22 new N-
vanillyl acylamides. These new molecules were biologically tested against the TRPV1 receptor and
the FAAH enzyme. In addition, their selectivity was evaluated by testing them in other receptors also

expressed in nociceptive neurons.
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RESUMEN

Las grasas vegetales son una importante materia prima renovable para la industria quimica.
Dentro de este grupo destacan los acidos grasos homoalilicos hidroxilados como el acido ricinoléico o
el acido lesquerdlico, los cuales dan lugar a una gran cantidad de derivados con mdltiples
aplicaciones tanto industriales como farmacéuticas. Esta tesis se centrd, por un lado, en la obtencién
de acidos grasos carbonilo a,B-insaturados a través de oxidaciones mas selectivas y en un solo paso
del grupo hidroxilo de dichos acidos. Para ello, se evaluaron oxidantes tanto basados en metales de
transicion como libres de estos metales. Finalmente, se desarrollé una metodologia basada en el uso
del catalizador de Shvo, un complejo de rutenio(ll), y acroleina, que se empleé como aceptor de
hidrégeno. La optimizacidon de las condiciones de reaccion permitid la sintesis y aislamiento con
buenos rendimientos de los correspondientes acidos grasos carbonilo a,B-insaturados procedentes
de los 4acidos ricinoléico y lesquerdlico y también de sus derivados. Por otro lado, se procedio a la
obtencidn del acido sebacico, un acido dicarboxilico con gran interés industrial, a partir de los acidos
grasos carbonilo a,B-insaturados anteriormente sintetizados. Tradicionalmente, el acido sebacico se
obtiene mediante la fusién alcalina del aceite de ricino. Este proceso utiliza altas concentraciones de
hidréxido de sodio y elevadas temperaturas haciendo que sea poco eficiente desde un punto de vista
energético. En la presente tesis se exploraron diferentes rutas de sintesis empleando catalizadores y
oxidantes ambientalmente respetuosos, ademas de sistemas de calentamiento mas eficientes como
hornos microondas o reactores de ultrasonidos, para llevar a cabo la ruptura oxidativa de los acidos
grasos carbonilo a,B-insaturados. Entre todos ellos, el sistema Oxono™/NalO, fue el que permitié
obtener el acido sebacico con buen rendimiento de una forma mas eficiente que la usada

actualmente en la industria.

Por ultimo, se disefaron y sintetizaron nuevas N-vanillil acilamidas de cadena larga (LCNVAs)
a partir de los acidos ricinoléico y lesquerdlico con el objetivo de desarrollar una nueva familia de
moléculas que presentaran actividad bioldgica dual frente a receptores del dolor como son el
receptor TRPV1 y la enzima FAAH. Para ello, se introdujeron modificaciones quimicas en el alcohol
homoalilico dando lugar a 22 nuevas N-vanillil acilamidas. Estas nuevas moléculas fueron testadas
bioldgicamente frente al receptor TRPV1 y la enzima FAAH. Ademas se evalud su selectividad

testandolas en otros receptores también expresados en las neuronas nociceptivas.
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RESUM

Els greixos vegetals son una important matéria primera renovable per a la industria quimica.
Dins d'aquest grup destaquen els acids grassos homoalilics hidroxilats com I’acid ricinoleic o I'acid
lesquerolic, els quals donen lloc a una gran quantitat de derivats amb multiples aplicacions tant
industrials com farmaceutiques. Aquesta tesi es va centrar, d’una banda, en I'obtencié d’acids
grassos carbonil a,B-insaturats mitjancant oxidacions més selectives i en un sol pas del grup hidroxil
d’aquests acids. Per a aix0, es van avaluar oxidants tant basats en metalls de transicié com lliures
d’aquests metalls. Finalment, es va desenvolupar una metodologia basada en I'Gs del catalitzador de
Shvo, un complex de ruteni (ll), i acroleina, que es va fer servir com a acceptor d'hidrogen.
L’optimitzacid de les condicions de reaccidé va permetre la sintesi i aillament amb bons rendiments
dels corresponents acids grassos carbonil a,B-insaturats procedents dels acids ricinoleic i lesquerolic,
i també dels seus derivats. D’altra banda, es va procedir a I'obtencié de I’acid sebacic, un acid
dicarboxilic amb gran interés industrial, a partir dels acids grassos carbonil a,B-insaturats
anteriorment sintetitzats. Tradicionalment, I'acid sebacic s'obté mitjancant una fusié alcalina de I'oli
de rici. Aquest procés utilitza grans concentracions d’hidroxid de sodi i elevades temperatures fent
que sigui poc eficient des d’'un punt de vista energetic. En la present tesi es van explorar diferents
rutes de sintesi fent servir catalitzadors i oxidants ambientalment respectuosos, a més de sistemes
d’escalfament més eficients com forns microones o reactors d’ultrasons, per dur a terme la ruptura
oxidativa dels acids grassos carbonil o,B-insaturats. Entre tots ells, el sistema Oxono™/NalO, va ser el
gue va permetre obtenir I'acid sebacic amb més bon rendiment i d’'una forma més eficient que la

usada actualment a la indUstria.

Finalment, es van dissenyar i sintetitzar noves N-vanillil acilamides de cadena llarga (LCVNAs)
a partir dels acids ricinoleic i lesquerolic amb I'objectiu de desenvolupar una nova familia de
molécules que presentessin activitat biologica dual davant de receptors del dolor com sén el receptor
TRPV1 i 'enzim FAAH. Per a aix0, es van introduir modificacions quimiques en I'alcohol homoalilic
donant lloc a 22 noves N-vanillil acilamides. Aquestes noves molecules van ser testades
biologicament davant del receptor TRPV1 i I’'enzim FAAH. A més es va avaluar la seva selectivitat

testant-les a altres receptors també expressats en les neurones nociceptives.
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OVERVIEW INFORMATION
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The biological activity of the new synthetized LCNVAs was evaluated during a stay in the
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e Procedimiento para la obtencion de acidos dicarboxilicos saturados. Ruben Torregrosa, Javier
Hijés Bitrian, Silvia Lopez Chinarro, Mercé Balcells, Gemma Villorbina, Jordi Eras and Ramon
Canela. W02014080059A1, November 20, 2013.

e Elongation of the hydrophobic chain as a molecular switch: discovery of capsaicin derivatives
and endogenous lipids as potent Transient Receptor Potential Vanilloid Channel 2
antagonists. Aniello Schiano Moriello, Silvia Lopez Chinarro, Olalla Novo Fernandez, Jordi
Eras, Pietro Amodeo, Ramon Canela-Garayoa, Rosa Maria Vitale, Vincenzo Di Marzo, and

Luciano De Petrocellis. J. Med. Chem., 2018, 61 (18), 8255-8281.
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ABBREVIATIONS AND ACRONYMS

AA-5-HT N-Arachidonoylserotonin

AcOH Acetic acid

AEA N-Arachidonylethanolamine or Anandamide
AKAP150 A-Kinase anchoring protein 150

Anh. Anhydrous

Ar Aryl

AS Amidase signature

ATP Adenosin triphosphate

ATR Attenuated Total Reflectance

Boc tert-Butyloxycarbonyl

CaM Calmodulin

CAMKII Ca’*/calmodulin-dependent protein kinase
CAN Cerium Ammonium Nitrate

CB Cannabinoid receptor

CMAI Chemical Market Associates, Inc.

CNS Central Nervous System

cryo-EM Cryo-electron microscopy

CTH Catalytic Transfer Hydrogenation

CuAAC Copper-catalyzed azide—alkyne cycloaddition
DBS Dibutyl Sebacate

DCA Dioctanol adipate

DCC N,N'-Dicyclohexylcarbodiimide

DCM Dichloromethane

DCO Dehydrated Castor Qil

DCP Dioctanol phthalate

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DFT Density Functional Theory

DIPE Diisopropyl ether

DIPEA N,N-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine
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Abbreviations and acronyms

DMF
DMSO
DOS

ECso
EDCI
2-EH
EKODE
equiv.
ESI
Et,0
EtOAc
EtOH

FAAH
FAPAs
FT-IR

GC
GC-MS
Gly

HATU

HCO
HEK293
HFA
HPETE
HPLC
HR-MS
HTS

IBA
IBX
1Cso
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Dimethylformamide
Dimethylsulfoxide

Dioctyl sebacate

Half-maximal response
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
2-Ethylhexanoic acid

Epoxyketooctadecenoic acid

Equivalent

Electrospray ionization

Diethyl ether

Ethyl acetate

Ethanol

Fatty Acid Amide Hydrolase
Fatty Acid Primary Amides

Fourier Transform Infrared Spectroscopy

Gas Chromatography
Gas Chromatography Mass Spectrometry

Glycerol

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate

Hydrogenated Castor Oil

Human Embryonic Kidney 293 cell
Hydroxy Fatty Acid
Hydroperoxyeicosatetranoic acid

High Performance Liquid Chromatography
High Resolution Mass Spectrometry

High-Throughput Screening

2-lodobenzoic acid
2-lodoxybenzoic acid

Half maximal inhibitory concentration
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IPA Isopropyl alcohol

IPN Interpenetrating Polymer Networks
IR Infrared spectroscopy

LCNVAs Long Chain N-Vanillyl Acylamides
MAPF Methoxyarachidonylfluorophosphonate
m-CPBA meta-Chloroperoxybenzoic acid
MeCN Acetonitrile

MeOH Methanol

mp Melting point

MW Molecular Weight

NaAc Sodium acetate

NADA N-Arachidonoyl-dopamine

NAEs N-Acyl ethanolamines

NMDA N-Methyl-D-aspartate

NMR Nuclear Magnetic Resonance

OAt O-Acyl(tetramethyl)isouronium
OLEA N-Oleylethanolamine

Ph Phenyl

PIP, Phosphatidylinositol 4,5-bisphosphate
PKA Protein Kinase A

PKC Protein Kinase C

ppm Parts per million

PTFE Polytetrafluoroethylene

p-TsOH para-Toluenesulfonic acid

PVC Polyvinyl chloride

quant. Quantitative

rt Room temperature

RTX Resiniferatoxin
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Abbreviations and acronyms

SAR
SPB
SPC

TBAF
TBDMS
TBHP
tert-BuO
TEA
tert-BuOH
THF

TLC

™

TMS
TOF

Tol

TRP
TRPA
TRPV

uv

v/v

w/v

w/w
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Structure-Activity Relationship
Sodium perborate

Sodium percarbonate

Tetra-n-butylammonium fluoride
tert-Butyldimethylsilyl

tert-butyl hydroperoxide
tert-Butoxide

Triethylamine

tert-Butanol

Tetrahydrofuran

Thin Liquid Chromatography
Trademark

Trimethylsilane

Time of Flight

Tolyl

Transient Receptor Potential
Transient Receptor Potential Ankyrin

Transient Receptor Potential Vanilloid

Ultraviolet spectroscopy

Volume/volume

Weight/volume
Weight/weight
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The use of vegetable oils for edible and industrial purposes has a long history as mankind

itself." Vegetable oils have low price, renewable and naturally raw materials with usually low toxicity.

Vegetable oils are extracted primarily from the seed of oilseed plants. Their competitive cost,

worldwide availability, and built-in functionality make them attractive. In recent years, there has

been a growing trend in using vegetable oils as renewable resources, especially in oleochemical

products. Figure 1 shows the distribution of nine major vegetable oils (coconut, cottonseed, olive,

palm, palm kernel, peanut, rapeseed, soybean, and sunflower) for non-food and food purposes over

the recent years.” Going from 1999 to 2012, the non-food portion has increased from 8.7 to 35.8

million of tons. This increase is particularly remarkable from 2003/04 onwards. The data confirms the

increasing rate of non-food use of vegetable oils in the world, particularly during the last decade.

120

100

80

60

40

Consumption ('000 tons)

20

Figure 1. Food and non-food consumption (million tons) of nine major vegetable oils between 1999- and 20127

Vegetable oils consist of mainly triglycerides, esters of glycerol with various fatty acids, which

have a three-armed star structure (Figure 2). The chemical structures of triglycerides are very

complex owing to the combination and permutations of fatty acids that can be esterified at the three

(enzymatically non-equivalent) hydroxy groups of glycerol.

0)

)
Rl)toLoerg

Figure 2. The triglyceride molecular structure of vegetable oils.
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When R;=R,=R;, the trivial name of the triglyceride is derived from the parent acid by means
of a termination -in (e.g., for stearic acid where R;=R,=R3= Cy7H3s, the triglyceride is called tristearin).
If R, and Rs are different, the glyceride molecule can exist in two enantiomeric forms.> Most of the
common oils contain fatty acids that vary from 14 to 22 carbons in length, with 0 to 3 double bonds
per fatty acids. Table 1 summarizes the most common fatty acids present in vegetable oil with their

principal natural vegetable source.*?

Table 1. Representative fatty acids.

Common name

Fatty acid (designation)°® Source
Octanoic acid Caprylic acid (C8:0) Coconut
Decanoic acid Capric acid (C10:0) Coconut
Dodecanoic acid Lauric acid (C12:0) Coconut, palm kernel
Tetradecanoic acid Myristic acid (14:0) Coconut, palm kernel
Hexadecanoic acid Palmitic acid (C16:0) Palm, cotton,
cis-9-Octadecenoic Oleic acid (C18 :1 9c) Olive, tall, peanut
cis,cis-9, 12-Octadecadienoic acid Linoleic (C1§ :29¢,12¢) Safflower, sunflower, corn, soy,
acid cotton
cis,cis,cis-9,12,15-Octadecatrienoic Linolenic acid (C18 :3 Linseed
acid 9¢,12c¢,15¢)
12-Hydroxy-cis-9-octadecenoic acid Ricinoleic acid (C18:1 9c, Castor
12-0OH)
cis-12-Epoxyoctadeca-cis-9-enoic Vernolic acid (C18:1 9c, .
. Vernonia
acid 12-0)

“Number of carbon atoms:number/location of unsaturation

1. HOMOALLYL HYDROXY FATTY ACIDS

The naturally occurring oxygenated fatty acids include the hydroxy, keto, and epoxy groups,
of which the hydroxyl-substituted are the most common. The hydroxy fatty acids (HFA) are
composed of a series of straight-chain carboxylic acids that contain one or more hydroxyl groups
substituted on the acyl portion of the molecule. Since the hydroxy fatty acids possess at least one
asymmetrical carbon atom, they are capable of being resolved into their optical isomers. Most of the
naturally occurring hydroxy acids are optically active. The carbon-carbon bonds in the hydroxy fatty
acids may be all saturated, or the acyl may contain one or more carbon-carbon unsaturated bonds.
Those hydroxy acids that contain an ethylenic bond exhibit geometrical isomerism and can be
obtained in either cis or trans form. These types of hydroxy fatty acids are important industrial

materials. Castor and lesquerella oils are the two major sources.
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1.1. Castor oil

The castor-oil plant, which is apparently indigenous in Africa, is now a native of India® and is
extensively cultivated in the warmer regions throughout the world. The oil is obtained by extracting

or expressing the seed of Ricinus communis, a plant of the family Eurphorbiacae (Figure 3).”

Figure 3. Castor plant (left) and castor seeds (right).8‘9

Castor oil is a viscous, pale yellow non-volatile and non-drying oil with a bland taste and is
sometimes used as a purgative. It has a slight characteristic odour while the crude oil tastes slightly
acrid with a nauseating after-taste. Relative to other vegetable oils, it has a good shelf life and it does
not turn rancid unless subjected to excessive heat. Asia can be considered as the main player for oils
and fats used for the oleochemical industry. India is the world’s largest exporter of castor oil, with a
share of 70% of the total exports, followed at considerable distance by China, Brazil and Thailand, as

shown in Figure 4. The major importing countries are USA, Russia and Japan.™
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Other countries
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Figure 4. Annual production of castor oil by origin.11

1.1.1. Properties

Castor oil has different physical and chemical properties that vary with the method of
extraction. Cold-pressed castor oil has low acid value, similar iodine value and a slightly higher
saponification value than solvent-extracted oil, and it is lighter in colour (Table 2). It was already
discovered in 1845 that heating castor oil to high temperature gives interesting results and broadens
the application possibilities of the oil, and the value of castor has ever since increased greatly."
Moreover, certain characteristics of castor oil, like high lubricity, high viscosity over a wide range of
temperatures, and insolubility in aliphatic petrochemical fuels and solvents, make it directly

applicable as lubricant for equipment operating under extreme conditions.

Table 2. Properties of castor oil grades.

Properties Cold-pressed oil Solvent-extracted oil
Specific gravity 0.961 -0.963 0.957-0.937
Acid value 3 10
lodine value (Wj) 82 -88 80 - 88
Saponification value 179 - 185 177 - 182

Castor seeds are poisonous to humans and animals because they contain ricin, ricinine and
certain allergens that are toxic. However, processed or refined castor oil is free from any of these

substances and can be safely used in pharmaceutical and industrial applications.

26



Synthesis and applications of homoallyl hydroxy fatty acid derivatives. Novel LCNVAs as TRPV1 and FAAH modulators

1.1.2. Composition and chemistry

Like other vegetable oils, castor oil is a triacylglycerol composed of various fatty acids and

glycerol. Castor oil is unique among all fats and oils in that:

I It is the only commercial source of ricinoleic acid, an 18-carbon hydroxylated fatty

acid with one carbon-carbon double bond.
Il. Ricinoleic acid comprises approximately 87% of the fatty acid composition.
Il Product uniformity and consistency are relatively high for a naturally occurring

material.

A part of ricinoleic acid, castor oil contains varying small amounts of various saturated and

unsaturated fatty acids."® Table 3 shows the chemical composition of castor oil.

Table 3. Castor oil composition.

Fatty acid Structure Percentage (%)
O
Palmitic ) PN 08-1.1
HO
0]
Stearic ) PPN 07-1.0
HO
(0]
Oleic J\/\/\/\/W 2.2-33
HO
(0]
HO
0]
Linolenic — — — 0.5-0.7
HO
o] OH

Ricinoleic J\/\/\/\/=\/_\/\/\/ 87.7-90.4
HO
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Figure 5 shows the high number of chemical processes applied on castor oil to prepare

various commercial products.

Hydroxy group:
Dehydration
Hydrolysis

Alkali fission
Pyrolysis
Alkoxylation
Esterification
Halogenation
Urethane formation
Sulfonation

8
Ho
|
llle)
T

(@]
nQ
T

E

Double bond:

Oxidation, polymerization
Hydrogenation
Epoxidation
Halogenation

Addition reactions
Amidation

Sulfonation

Figure 5. Chemical structure of ricinoleic acid triglyceride, the primary component of castor oil. Chemical reactions

for the preparation of a variety of derivatives of castor oil are indicated.

Generally, the three functional groups in ricinoleic acid provide multitude of possibilities of
converting or modifying castor oil into many other useful products depending on the intended

specific uses. For example, the presence of a carboxylic group allows the transformation of castor oil

14-16

via several reactions such as esterification, amidation whereas the presence of a carbon-carbon

double bond, affords the transformation of the oil through reactions such as hydrogenation,™"’

carbonylation'® and epoxidation.'® Furthermore, the hydroxyl functional group can be acetylated'®*

23,24

alkoxylated”"** or removed by dehydration®*** to increase the unsaturation number of the oil.

1.1.3. Applications of castor oil and its derivatives

e Fuel and biodiesel

Few studies have been done regarding castor fuel-related properties in pure form or a blend
with diesel fuel, primarily due to the extremely high content of ricinoleic acid. Berman et al.”
described that methyl esters of castor oil can be used as a biodiesel alternative feedstock when
blended with diesel fuel. However, the maximum blending level is limited to 10% due to the high
levels of ricinoleic acid present in the oil, which directly affects to the biodiesel kinematic viscosity
and distillation temperature. Shojaeefard et al.® examined the effects of castor oil biodiesel blends

on diesel engine performance and emissions. They found that a 15% blend of castor oil-biodiesel was

an optimized blend of biodiesel-diesel proportions. The results indicated that lower blends of
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biodiesel provide acceptable engine performance and even improve it. Similar to this study, Panwar

1.7 prepared the castor methyl ester by transesterification using potassium hydroxide (KOH) as

eta
catalyst. This methyl ester was tested in a four-stroke, single cylinder variable compression ratio type
diesel engine. It was concluded that the lower blends of biodiesel increased the break thermal
efficiency and reduced the fuel consumption. Further, the exhaust gas temperature increased with
increasing biodiesel concentration. Results of their study proved that the use of biodiesel from castor
seed oil in a compression ignition engine is a viable alternative to diesel. As a result, biodiesel can be

obtained by transesterification of castor oil using either ethanol or methanol as the

transesterification agents.28
e Polymer materials

The depletion of fossil fuels and environmental issues has pushed researchers to focus their
attention and efforts on the utilization of renewable resources as raw materials for the synthesis of
polymeric materials. Biobased polymers offer a number of advantages over polymers prepared from
petroleum-based monomers as they are cheaper, readily available from renewable natural resources
and they possess comparable or better properties. Some bio-based polymers are biodegradable,
nontoxic and have low carbon footprints.”® Castor oil and its derivatives can be used in the synthesis
of renewable monomers and polymers.*® Castor oil allows the synthesis of a variety of polyurethane
products, ranging from coatings, cast elastomers, thermoplastic elastomers, rigid foams, semi-rigid
foams, sealants and adhesives to flexible foams. Concerning the direct utilization in rigid
polyurethanes, castor oil has advantages (water resistant and flexible) as well as some disadvantages,
such as low functionality, low reactivity due to the secondary hydroxy groups, thus leading to semi-
flexible and semi-rigid materials.** By reacting castor oil with polyols, such as glycerol, a higher
hydroxyl number is obtained, which leads to rigid polyurethanes foams with good physico-
mechanical properties (Scheme 1). Glycerol-modified polyurethanes products clearly exhibited
higher tensile strength, lower elongation at break and chemical resistance as compared to
polyurethanes prepared from pure castor oil. Interestingly, the thermal degradation of
polyurethanes was more or less similar, indicating that the polyol modification of castor oil has not
influenced the thermal stability. Moreover, castor oil was polymerized and cross-linked with sulfur or

diisocyanates to form the vulcanized and urethane derivatives, respectively.*
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Scheme 1. Schematic representation of the formation of glycerol-modified, castor oil-based polyols for

polyurethane synthesis.

Biodegradable polyesters are one of the most common applications using castor oil.** The
presence of this hydroxyl group provides additional functionality for the preparation of polyesters or
polyester-anhydrides. The dangling chains of the ricinoleic acid impart hydrophobicity to the
resulting polyesters, thereby influencing the mechanical and physical property of the polymers.
These chains act as plasticizers by reducing the glass transition temperatures of the polyesters.****
Castor oil can be combined with other monomers to produce an array of copolymers. Fine-tuning
these copolymers can provide materials with different properties useful in products ranging from

solid implants to in situ injectable hydrophobic gel.**

Recently the use of castor oil to synthetize Interpenetrating polymer networks (IPN) is
receiving great interest. These materials present numerous technological applications in diverse
fields, such as ion-exchange resins, reinforced elastomers, thermoplastic IPN, piezodialysis
membranes, high-temperature alloys, coatings and adhesives, noise- and vibration-damping

35-37

materials, and sheet-moulding compounds. Castor oil as such, after hydrogenation, or

transesterification with glycerol or modification with linseed oil, or in combination with

polyethylenglycol, was extensively used as precursor in the preparation of IPN, 232383
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e (Coatings

Coatings and paints are also another application of castor oil. Castor oil is classified as a non-
drying oil due to its low iodine value. However, it can be dehydrated to give semi-drying or drying
oils. The dehydration process is usually carried out at about 250 °C in the presence of catalysts under

40-43

an inert atmosphere or vacuum. The most widely catalysts used are sulfuric acid, sodium

bisulfate, phosphoric acid, phthalic anhydride and acid-activated clays.?***

During the dehydration
process of ricinoleic acid, the hydroxy group and one of its a-hydrogen atoms are removed, yielding a
regioisomeric mixture of two acids (Scheme 2). The ratio of the two regioisomers and also the
cis/trans ratio of the formed double bonds depend on the dehydration conditions.* The conjugated
acid is likely to undergo polymerization. To prevent such a polymerization, an antipolymerization

agent (sodium bisulfite, zinc chloride or aluminum chloride) can be used together with the catalyst.*®

0]
N
o oH HO)L(\’):W
J‘M/ A
HO 7 5 Catalyst *

0]

)L(v)/“w:/“«./\(v)/

HO s f

Scheme 2. Isomeric mixture of unsaturated fatty acids from the dehydration of castor oil.

Dehydrated Castor Qil (DCO) is well known for its non-yellowing and outstanding color
retention characteristics; it has better drying properties than linseed oil and its water and alkali

47
l.

resistance can be almost as good as for tung oil.”" Varnishes, alkyds and resin systems based on

dehydrated castor oil offer properties like fast drying, flexibility, excellent chemical resistance,

adhesion to metals, high gloss and water resistance.**>?

e Waxes

Hydrogenated Castor Oil (HCO) is a wax like compound obtained by the controlled
hydrogenation of pure castor oil. HCO is a hard, brittle, high melting point product (86 °C) that is
practically odourless and tasteless. Moreover, the hydrogenated oil has an improved oxidative and
thermal stability. Commercial preparation of this product must be accomplished by careful
introduction of hydrogen at lower temperatures (150 °C) in the presence of nickel catalysts (0.2—
0.6%) or an Adkins copper chromite catalyst (1%), thus avoiding the decomposition of the hydroxy
group.” It is reported that the catalyst can be repeatedly reused if 10% of fresh catalyst is added

before each run. A good quality hydrogenated castor with high hydroxyl value and low iodine value is
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obtained at 423 K; 1.034-10° Pa; in 5 h with 2 % (weight of oil) Raney nickel catalyst.>® Hydrogenation

of castor oil at low pressure (1.96 — 2.45-10° Pa) and low temperature (398-408 K) requires high

54,55

catalyst concentration. Castor oil hydrogenation can also be done by catalytic transfer

hydrogenation (CTH) (Scheme 3).">*°

(0] QH 0] QH
o= N~ A
(0] C_)H 0 (_)H
L=~ A e Lo—~ A
—O 7 s v 3 — > 0 7 s *t 3
(0] QH (0] QH
—OJL(V)M —OJ\MM?
Limonene p-cymene

Scheme 3. Catalytic transfer hydrogenation of castor oil.

Hydrogenated Castor Qil (HCO) is insoluble in water and in most organic solvents but it is
soluble in hot organic solvents like ether and chloroform.>* This property makes HCO valuable for
lubricant industries because of water resistance and retention of its lubricity. Moreover, the polarity
and surface wetting properties of HCO are useful in cosmetics, hair dressing, solid lubricant, paint

additives, manufacture of waxes, polishes, carbon paper, candles and crayons.53
e Sulfonation of castor oil

Another product formed from the modification of castor oil is sulfonated castor oil, which is
also known as “Turkey red oil”. Sulfonation of castor oil produces sulphuric acid esters in which the
hydroxy group of ricinoleic acid has been esterified (Figure 6).>” The reaction is performed by treating
raw castor oil at room temperature or at temperature less than 308 K with concentrated sulphuric

acid for several hours, followed by washing and neutralizing with sodium hydroxide solution.

0 0SO,H
—0 -

0 0SO;H
0 -

0 0SO;H
L0 -

Figure 6. Chemical structure of Turkey red oil.

Turkey red oil is widely used in textile and cosmetics industries by producing synthetic

detergents in the recipes/formulations of lubricants, softeners, and dyes. In addition, Turkey red oil is
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an active wetting agent in dyeing and in finishing of cotton and linen. It is also used in bath oil recipes
along with natural or synthetic fragrance or essential oils or in shampoos.” Finally, the action of

sulphuric acid on castor oil produces a useful emulsifier for certain insecticidal oils.
e Pyrolisis

The pyrolysis of castor oil at a high temperature (>400 °C) splits the ricinoleate molecule at
the hydroxy group to form heptaldehyde and 10-undecenoic acid. The two main products,
heptaldehyde and 10-undecenoic acid are important raw materials for cosmetics (C11 and C7
aldehydes are used in soaps, shampoos, talcum powders and perfume formulations),

pharmaceuticals, and polymeric compounds).>***°

Furthermore, heptaldehyde is used as a solvent
for rubber, resins, and plastics.53 For the 10-undecenoic acid, it serves as a source of bactericides and
fungicides®® but also further reactions on the acid can produce monomers for the formation of nylon
11.%* Castor oil is hydrolyzed to give ricinoleic acid and glycerol, which are separated. High
temperature treatment of the methyl ester of ricinoleic acid produces methyl 10-undecenoate and
heptaldehyde. The methyl 10-undecenoate is hydrolysed to give 10-undecenoic acid, which is treated
with hydrogen bromide in a non-polar solvent in the presence of peroxide. Under these conditions,
reverse Markownikoff addition occurs and the main product is 11-bromoundecanoic acid. The
product is then treated with ammonia to give 11-aminoundecanoic acid, which is a crystalline solid.
11-Aminoundecanoic acid is the starting material for nylon-11.% It is claimed that Arkema,** a French

company, produces nylon-11, commercially known as Rilsan® 11, by this route. The overall process is

shown in Scheme 4.
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Scheme 4. Conversion of ricinoleic acid into monomers for nylon 11.
e  Hydrolysis

Hydrolysis of castor oil by slow addition of castor oil to 80 % caustic solution (sodium
hydroxide) produces ricinoleic acid and glycerol. Upon heating at 523 K in the presence of NaOH,
sebacic acid (a 10 carbon dicarboxylic acid) and 2-octanol are produced (Scheme 5). Both sebacic acid
and 2-octanol have many uses. One of the largest uses of sebacic acid is in the manufacture of Nylon
6,10. Sebacic acid and its derivatives have a variety of industrial uses in plasticizers, lubricants,
hydraulic fluids, cosmetics, candles, etc. They are used in the synthesis of polyamide and alkyd resins.
An isomer, isosebacic acid, has other applications in the manufacture of extrusion plastics, adhesives,
polyesters, polyurethane resins and synthetic rubber. Sebacic acid is also used as an intermediate for
aromatics, antiseptics and painting materials. A large number of esters can be obtained from
thousands of potential starting materials. It is used as a corrosion inhibitor in metalworking fluids and
as a complexing agent in greases. When mixed with amines, sebacic acid can give a very effective
water soluble corrosion inhibitor for metal working fluids. Lithium hydroxystearate complex greases
often utilize dibasic acids such as sebacic acid for the more unusual performance parameters. These
greases require the esters of sebacic acid, which were developed for specific performance criteria

under varying conditions. The esters of sebacic acid also are used as plasticizers for vinyl resins and in
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the manufacture of dioctyl sebacate, a jet lubricant and lubricant in air-cooled combustion motors.
On the other hand, 2-octanol is used as a solvent dehydrater and anti-bubbling agent. In coal
industry, it is used as floatation agent; finds uses as a frother in mineral flotation. The refined
derivative can be used to produce plasticizers such as dioctanol phthalate (DCP), dioctanol adipate
(DCA). It can be used as a possible alternate for 2-ethylhexanol or isooctyl alcohol in the preparation
of diesters, monomeric and polymeric plasticizers. 2-Octanol also finds applications in personal care

and cosmetic products such as personal creams and ointments.

(0] OH OH
Castor ojl Xdrobss o 5 HOJ\W(\/)S/ + HO\)\/OH
Ricinoleic acid Glycerol

NaOH
250°C

(0] 0] OH
HOJL(V);u\OH + )\MS/
Sebacic acid 2-Octanol

Scheme 5. Conversion of ricinoleic acid into sebacic acid and 2-octanol.

1.2. Lesquerella oil

The genus Lesquerella is a New World genus native to the U.S., Mexico, and some species are
found throughout the Americas and belongs to the mustard family.*® The genus consists of about 70

species which are widely genetically variable, about 30% of species are annuals.®®

Producing
abundant nonshattering seed, the species, Lesquerella fendleri, has been found to have superior

agronomic potential (Figure 7).

Figure 7. Lesquerella fendleri plant.67
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The species is native to the states of Arizona, New Mexico, Oklahoma, and Texas and found
in regions of poor soil and low rainfall (25 cm/yr). Its low water demand may make it an attractive
potential substitute for certain heavily irrigated crops in these regions. Limited commercial data is
available on current production and yields. However, trials are currently being carried out in a
number of countries across Europe, particular scientific interest and development is currently taking
place in Belgium, Italy, Netherlands and UK. From these trials it has been established that Lesquerella
fendleri is not well adapted to temperate western European climate, the crop showed very poor
establishment and germination. In USA where the crop is better suited the seed yields are currently
950-1120 kg/ha at 21% oil content, this figure needs to be improved through breeding to allow
commercialisation to occur. In small scale trial plots yields of up to 1.600 kg/ha have been achieved
whereas on large scale field trials this has been reduced to only 800-900 kg/ha. Lesquerella has not
reached commercial production however, 16.2 hectare field plots have been grown in 2003 and 2004
for market development. The key aspects of lesquerella have centered on improving the agronomics
of the crop through breeding® and best management practices. Improved lesquerella breeding lines
with seed oil contents of 35% compared with 30% are currently under development and seed yield of
2040 kg/ha versus current releases of 1360 kg/ha will help lesquerella to become competitive in the

hydroxy oil market.®

1.2.1 Properties

The L. fendleri seed contains approximately 21% triglyceride oil. Crude lesquerella oil is the
colour of molasses and has a distinct odour. Oil recovery from lesquerella is difficult due to the small
size of the seed. Pre-treatment of small seeds may result in large losses and percolation of solvents
may block the process. This problem can be overcome by performing oil extraction; however this
method is not commercially viable when large quantities are to be extracted. The physical properties

of the crude oil are shown in Table 4.

Table 4. Physical properties of crude lesquerella oil.

Properties Crude oil
Hydroxyl value 102
Acid value 1.5
lodine value (W) 107
Saponification value 168
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The meal resulting from oil extraction has an excellent distribution of amino acids being
particularly high in lysine.”® Preconditioning the seed is necessary for deactivation of the
thioglucosidase enzyme system so that the meal can be used for animal feed. Meal feeding studies
are in progress for a variety of livestock. Unlike castor, lesquerella does not contain toxic moieties
like the very lethal protein, ricin; the poisonous alkaloid, ricinine; or the very potent allergen, CB-1A.
There is significant interest in the lesquerella meal as a source of natural antioxidants, pigments,

gums, and protein extracts as well as for animal feed.

The seed coat of several Lesquerella species, including L. fendleri, contains a natural unique
gum that can be separated either before or after the oil is extracted. The gum could be as valuable as
the oil. Possible uses include cosmetics, plasticizers, lubricants, coatings, and thickening agents for

foods and for crude oil recovery.

1.2.2. Composition and chemistry

Lesquerella fendleri was discovered for its unique industrial seed oil in 1960 (Jones and Wolf,
1960; Smith et al., 1961).”""* Lesquerella fendleri contains a seed oil which is approximately 55%
lesquerolic acid (14-hydroxy-cis-11-eicosenoic acid), a 20-carbon long fatty acid with a single hydroxy
group and a double bond, and has a similar hydroxy fatty acid (HFA) profile as castor oil. Table 5
shows the main chemical composition of lesquerella oil. Aurolic acid (14-hydroxy-11,17-
eicosadienoic), epoxy compounds have also been discovered in L. fendleri and very long chain fatty
acids to C-30 albeit at low levels.”® Oil from L. fendleri is compositionally similar to and in some ways
structurally superior to castor oil. Lesquerella has several novel properties absent in other oilseeds.
The oil contains natural, unique molecules (estolides), which are rare in other seed oils. These
molecules promote natural ease of flow of the oil under many different conditions. Naturally

occurring estolides allow lesquerella oil to flow more easily than petroleum at cold temperatures.
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Table 5. Lesquerella oil composition.

. Percentage
Fatty acid Structure (%)
o}
Palmitic J\/\/\/\/\/\/\/\ 0.4
HO
0]
Palmitoleic )]\/\/\/\W 0.3
HO
o]
HO
0}
Oleic )J\/\/vvw/\/ 18.1
HO
0]
Linoleic J\/\/\/\/:\/z\/\/\ 9.3
HO
0]
Linolenic _ _ __ 14.0
HO
0]
HO
o]
Gadoleic J\/\/\/\/A/\/\/\/\/ 1.2
HO
0 OH

Lesquerolic J\/\/\/\/\/W 55.4
HO

Because the structure of lesquerolic acid is homologous to that of ricinoleic acid, the

chemical modifications of lesquerolic acid, thus far have closely duplicated derivatizations of

ricinoleic acid (Figure 8).
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Figure 8. Chemical structure of lesquerolic acid tryglyceride. The functionality is marked with colours: ester

linkage (green), double bond (blue) and hydroxy group (grey).
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1.2.3. Applications of lesquerella oil and its derivatives

e [ubricants

A number of lesquerella derivatives and products have been synthesized utilizing the hydroxy
moiety of the oil with a particular focus on the development of estolides. Hydroxy fatty acids such as
lesquerella can be readily converted to estolides’ either as triglycerides in the presence of free fatty
acid or from homopolymerization of the split fatty acids. Lawate’® synthesized triglyceride estolides
from lesquerella oil by capping the hydroxy moiety with heptanoic, isostearic, adipic and fumaric
acids. The fumaric acid capped estolides had the largest impact on viscosity where a 5% mixture of
estolides in the high oleic vegetable oil increased the solution viscosity by 23%. Mono and fully
capped triglyceride estolides were synthesized from lesquerella oil by condensation with a range of

877 Lesquerella oil has a pour point

(C2—C18) fatty acid capping groups and their physical properties.
of —21 °C with a 40 °C viscosity of 127.7 c¢ST. The high viscosity of the oil precludes the pure oil from a
number of lubricant applications. The pour points of the estolides were significantly reduced in
comparison to the parent oil where a C6:0 fully capped estolide had a pour point of -36 °C and a
viscosity of 87.9 cSt. These materials may find suitable applications as gear lubricants or as thickening

agents in other base oils.

Further improvements in the physical properties of the oil can be made by synthesizing
estolides directly from lesquerella fatty acids.” Oleic and 2-ethylhexanoic acid (2-EH) capping groups
gave excellent pour points of -48 °C and -54 °C, respectively as their 2-ethylhexyl esters (Scheme 6).
The viscosities of these estolides are sufficiently low enough to meet many lubricating applications
that the triglyceride estolides and the parent oil could not meet. Lesquerella estolides have been

synthesized using clays and enzymes as catalysts. "%
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Scheme 6. Reaction scheme for the formation of lesquerella estolides.
e (Coatings

Thames et al.?*®® have reported the application of lesquerella oil for industrial coating
purposes. Novel polyesters containing lesquerella oil have been synthesized and characterized.
Moreover, the functional lesquerella oil polyesters have been used in the preparation of polyester-
polyurethanes that have subsequently been evaluated for their performance as coating compositions
of high quality. Thames and Yu® reported the synthesis, characterization, and application of
lesquerella oil and its derivatives in water-reducible coatings. Polyesters of acid values approaching
50 were synthesized from lesquerella oil. Aqueous solutions of the polyesters were prepared and
used as ingredients in the formulation of industrial melamine-polyester baked coatings and air-dried

polyester coatings.

Polyesters obtained from lesquerella oil have variations in colors and have low solution
viscosity as compared with castor oil polyesters. The viscosity variations are usually associated with
the structural differences of the oil. Solution viscosity of castor oil-based polyesters is usually high
because ricinoleic acid in castor oil allows extensive hydroxyl hydrogen bonding. Furthermore,
lesquerella oil-based polyesters are effectively plasticized because of longer C20 fatty acid. The

hydroxy group of lesquerella oil can be exploited to make acrylates (Scheme 7).2*
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Scheme 7. Synthesis of lesquerella oil acrylates.

Lesquerella oil acrylates impart excellent gloss to wood, aluminum, and steel and have good
adhesive properties. The hydroxy groups of lesquerella and castor oil also react with cycloethers such
as propylene oxide, epichlorohydrin, and ethylene oxide. As a result of these reactions, novel
polyhydroxy compounds of much improved reactivity can be obtained. Epichlorohydrin-modified
lesquerella oil has increased reactivity characteristics. The coatings developed from epichlorohydrin

and lesquerella oil form harder films in shorter dry time (Figure 9).2*

Figure 9. Epichlorohydrin modification of lesquerella oil.
e Hydrolysis

As in the case of ricinoleic acid, hydrolysis of lesquerolic acid by addition of a sodium
hydroxide solution leads to the formation of 1,12-dodecanedioic acid. This compound is the major

ingredient in the synthesis of nylon 12,12 and nylon 6,12 and other molded plastics.®®
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AIM AND SCOPE OF THIS THESIS

The aims of this thesis were to i) develop chemical modifications of homoallyl hydroxy fatty
acids to obtain derivatives with industrial interest, ii) apply first selective oxidations using non-
transition metal and transition metal oxidants to synthetize a,B-unsaturated carbonyl fatty acids; iii)
investigate alternative methods energetically favorable for the oxidative cleavage of homoallyl
hydroxy fatty acids into dicarboxylic acids and iv) design and synthetize new long chain N-vanillyl

acylamides with biological response in pain receptors starting from homoallyl hydroxy fatty acids.

In the introduction of this thesis a general overview on the homoallyl hydroxy fatty acids,
castor and lesquerella oil, is presented. Origin, abundance, production and market, chemical nature
and physical-chemical characteristics are explained in detail. Then, the main chemical reactions that
the homoallyl hydroxy fatty acids undergo are disclosed, emphasizing the large number of derivatives

that can be obtained through them and their wide applications in several industries.

Chapter 1 contains the results, discussion and conclusions for the experiments on selective
oxidation of homoallyl hydroxy fatty acids to a,B-unsaturated carbonyl fatty acids. Already available
transition metal-free oxidants and oxidants based on transition metals are compared. Special
empbhasis is placed on the Oppenauer-type oxidation mediated by the Shvo’s catalyst, a ruthenium(ll)
complex, in presence of easily reducible hydrogen acceptors. The combination of the Shvo’s catalyst
and acrolein is shown to be capable of oxidize homoallyl hydroxy fatty acids to a,B-unsaturated
carbonyl fatty acids in a one-step and highly selective manner. The method involves a
straightforward experimental procedure and allows for the facile isolation of the product, making it a
convenient and readily applicable synthetic protocol for the lab-scale synthesis of a,B-unsaturated

carbonyl fatty acids from homoallyl hydroxy fatty acids.

Chapter 2 presents the research done on the oxidative cleavage of a,B-unsaturated carbonyl
fatty acids derived from ricinoleic acid to obtain sebacic acid, a dicarboxylic acid widely used in
industry. A system based on Oxone™ and sodium periodate is capable to the oxidative cleavage of
the a,B-unsaturated carbonyl compounds to sebacic acid without the use of transition metal
reagents. This system allows to operate at milder reaction conditions and lower temperatures than
the classical procedures used in industry. The applicability of ultrasound technology to this system is

also included at the end of this chapter.

In Chapter 3 the synthesis of new long chain N-vanillyl acylamides (LCNVAs) starting from

homoallyl hydroxy fatty acids is presented. These new compounds are envisaged to evaluate their
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“dual” biological activity in pain receptors (TRPV1 receptor and FAAH enzyme) and therefore, act as
analgesics drugs. Based on structure-activity relationship studies of the natural agonists of these pain
receptors, structural transformations over the homoallyl hydroxy moiety of the homoallyl hydroxy
fatty acids are carried out. As a result, 22 new capsaicin-like compounds derived from homoallyl

hydroxy fatty acids are synthetized.

Chapter 4 contains the biological evaluation of the new long chain N-vanillyl acylamides
(LCNVAs) described in Chapter 3. These compounds are tested to determine the agonist behaviour
for TRPV1 and the inhibitory potential in the FAAH enzyme with the target to discover new acyl
templates with potential “dual” mechanism of action against pain. In addition, the activity results in
other related TRP receptor such as TRPV2 and TRPA1 are included to assess their selectivity. The
introduction of this chapter includes an explanation about the biological assays carried out to

determine the activity in this type of receptors.
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Selective Oxidation of Homoallyl Hydroxy Fatty Acids:
Synthesis of a,6-Unsaturated Carbonyl Fatty Acids






Selective Oxidation of Homoallyl Hydroxy Fatty Acids: Synthesis of a,8-Unsaturated Carbonyl Fatty Acids

1.1. INTRODUCTION

a,B-Unsaturated carbonyl fatty acids are important building blocks in organic synthesis.™?
They are often reported as metabolites of oxidation of fatty acids produced by microorganisms or as
by-products from the autooxidation of monounsaturated fatty acids but relatively rarely as natural

fatty acids in their own right.>*

The a,B-unsaturated carbonyl fatty acid from castor oil was firstly synthetized in 1950 by
Ellis.° Based on the study of Kon et al.” Ellis described the oxidation of ricinoleic acid 1a into (E)-12-
oxo-10-octadecenoic acid 1d. The general synthetic route used to synthesize the a,B-enone 1d
consists of two steps. First, the B,Y-unsaturated enones 1b and 1c are synthesized through
chromium(VI)-mediated oxidation of ricinoleic 1a or ricinelaidic acid 2, respectively. The a,B-enone
1d is in equilibrium with the B,Y-enones 1b and 1c due to the small energy differences among them.?
A semiempirical quantum chemical calculation demonstrated that the heat formation of 1d is only
about 1 kcal/mol lower than the one of 1b.’ The catalytic treatment of unconjugated unsaturated
ketones 1b and 1c with acids or bases causes a tautomeric change which results in the conjugation of
the double bond with the carbonyl group.10 BFs-Et,0, H,SO, or NaOH are the most common reagents

employed to carry out the tautomeric change to the a,B-enone 1d (Scheme 1.1).”"*

0 OH 0 0

HO — Ho/u\(\/)/_\)LM/

7 5 7

1la 1b

Scheme 1.1. General procedure to prepare the unsaturated ketones 1b, 1c, 1d from ricinoleic acid 1a and

ricinelaidic acid 2.

This synthetic route requires an excess of reagents such as CrO; or PCC, which generates
large amounts of hazardous waste. Furthermore, the fact that it is a two-step synthesis and the poor
selectivity due to the formation of by-products prompts to an unattractive process. All of these
drawbacks lead to search for a synthesis more selective and efficient, which would allow the
preparation of a,B-unsaturated carbonyl compounds in one-step from homoallyl hydroxy fatty acids.
In the recent years, a variety of synthetically important oxidation methodologies based on greener

16-19
d

reagents have been extensively developed. Secondary alcohol oxidations can be classified
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according to the nature of the oxidant as: (i) transition metal-free oxidations or (ii) transition metal-

mediated oxidations.

This chapter was focused on the development of an alternative one-step synthetic route to
synthetize a,B-unsaturated carbonyl fatty acids. For this, selective oxidations based on non-transition

metal and transition metal oxidants were assessed in the oxidation of homoallyl hydroxy fatty acids.
1.2. TRANSITION METAL-FREE ALCOHOL OXIDATIONS

The development of catalytic synthetic methodologies using clean oxidants is an area of
current interest with a view to replace stoichiometric oxidants, which are unreasonable from both
economic and environmental point of views. Increasing emphasis is being placed toward the
development of transition metal free synthetic methodologies to avoid the use of toxic and
expensive metals and their complexes. Oxidation of secondary alcohols to ketones have been
performed using dimethyl sulfoxide,® dicyclohexylcarbodiimide and various acids,®* dimethyl
sulfoxide activated with oxalyl chloride,” sodium hypochlorite in acetic acid,” NaBrOs-NH,Cl,>> N-
chlorosuccinimide with catalytic amounts of N-tert-butylbenzecensulfenamide®®. Among the clean
oxidants, the hydroperoxides such as aqueous hydrogen peroxide and tert-butyl hydroperoxide
(TBHP) have a prominent position.”>*® Both of them are relatively stable, easy to store, commercially
available, relatively cheap reagents of low molecular weight that can be used for both laboratory and
industrial purposes. They contain relatively high amounts of active oxygen (H,0, — 47% and TBHP —
17.8% weight), and are environmentally friendly since the products of their reduction are water and

tert-butanol, respectively.

The use of hydrogen peroxide and TBHP without an activator or catalyst is very limited.””*® |

n
alkaline medium, hydroperoxides act as nucleophiles, because formed peroxide anion ROO" can react
with electron-deficient substrates.” On the other hand, relatively strong carboxylic acids such as
formic, succinic and trifluoroacetic react with hydrogen peroxide producing peroxycarboxylic acids.
Peroxycarboxylic acids oxidize simple alkenes, alkenes carrying a variety of functional groups (such as

ethers, alcohols, esters, ketones and amides), some aromatic compounds, furans and N-

azaheterocycles, sulfides and amines.

In 2003, Neumann et al.*® used a combination of hydrogen peroxide and hydrohalic acid as a

green halogenating agent. This inspired Sain et al.*

to explore the potential of this transition metal-
free system for oxidation of secondary alcohols. Hydroperoxides coordinates the proton of

hydrohalic acids and HO" cations are produced. The plausible mechanistic pathway for these
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reactions may involve the formation of hypobromous acid by the reaction of peroxide oxidant with
hydrobromic acid,® and its reaction with secondary alcohol to afford hypobromite species that

promotes on abstraction of hydrogen yielding the corresponding ketone as shown in Scheme 1.2.

A= HO, tert-BuO

A-OH + B—Br ——» HO—Br Bo H. Br

Br
0

o
T
\

0]

R)LRZ +  HBr

1

Scheme 1.2. Mechanistic pathway of secondary alcohol oxidation by hydroperoxides-HBr system proposed by

.31
Sain.

The oxidation of a range of activated and non-activated secondary alcohols to ketones in
absence of organic solvent was achieved with this method. Moreover, the oxidation of secondary

alcohols was selective in presence of primary alcohols and other functional groups.

The main drawback of the use of hydroperoxides is the instability of the peroxide bond. The
decomposition of hydroperoxides liberates oxygen and heat; this can be dangerous, as spilling high-
concentration hydrogen peroxide on a flammable substance can cause an immediate fire. For this
reason, in recent years the use of solid peroxy compounds, such as sodium perborate (SPB) and
sodium percarbonate (SPC) has gained considerable attention in various chemical transformations®>
%> due to their storage stability, crystalline nature, ease of handling, and higher hydrogen peroxide
contents. Solid peroxy compounds can be used in organic synthesis as a convenient source of
anhydrous H,0,, in particular in solvents that cannot dissolve the carbonate but can leach the H,0,
out of it. In presence of acids, SPB and SPC are able to successfully oxidize secondary alcohols to

ketones under mild conditions.*®

In the past two decades, bismuth(lll) derivatives such as BiCls, BiBr; or Bi,O; have attracted
growing interests as versatile catalysts in diverse organic synthesis owing to their remarkable
chemical and physical properties such as relevant stability, air- and moisture-tolerance and low

toxicity. Chakraborty and Malik have deeply investigated about the oxidizing character of Bi,O; in
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presence of tert-butyl hydroperoxide.?”*®

Primary alcohols and aldehydes are oxidized to carboxylic
acids using this mild catalytic system. In addition, secondary alcohols are easily converted to the
corresponding ketones. This system shows sufficient selectivity to enable the expected oxidation to

take place without affecting other functionalities like phenol and amine groups.

Hypervalent iodine compounds have also been focus of great attention due to their mild and
chemoselective oxidizing properties and their environmentally benign character in contrast to toxic

metal reagents.**

One of the most representative hypervalent iodine compounds is 2-
iodoxybenzoic acid (IBX, 4). Santagostino was the first to report the use of 4 in DMSO for alcohol
oxidation in 1994.%? IBX oxidations are easily conducted in DMSO solution at room temperature, with
yields ranging from good to quantitative. IBX 4 was first synthesized in 1893 by the treatment of 2-

iodobenzoic acid (IBA, 3) with potassium bromate and sulfuric acid (Scheme 1.3).*

H
| 2 S
KBrO5 I\ I\
OH —— ——> 0O [—» 0]
ag. H,S0,
0 0 0
3 4

Scheme 1.3. Typical synthesis of IBX 4.

Santagostino also developed an alternative one-step synthesis of IBX 4 using Oxone™.** This
allowed the elimination of bromate or other impurity present in the reagent, which might cause
some explosions when using IBX 4.”> Oxone™ is a triple salt with the formula 2KHSOs-KHSO,-K,S0,. It
is an incredibly inexpensive reagent, which compares favourably with hydrogen peroxide.”® The
reaction of 2-iodobenzoic acid 3 with Oxone™ in hot water gives 4. This finding inspired Vinod and
co-workers who demonstrated the first catalytic use of 4 in the presence of Oxone™ as a co-oxidant
for the oxidation of primary and secondary alcohols in aqueous acetonitrile.*” Secondary alcohols
were oxidized to the corresponding ketones. Indeed, the presence of Oxone™ avoided the formation

of Bayer—Villiger oxidation products.
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1.3. TRANSITION METAL-MEDIATED ALCOHOL OXIDATIONS
1.3.1. Heterogeneous oxidations

1.3.1.1. KMnO,/CuS0O,-5H,0 system

The KMnO,-promoted oxidation process is recognized as friendly to the environment
because manganese dioxide, MnO,, the coproduct formed by the reduction of KMnQO,, can be
recycled.®® In 1977, Regen and Koteel communicated their discovery that molecular sieves
impregnated with KMnO, oxidize alcohols efficiently in benzene at 70 °C.* Two years later, Menger
and Lee reported that secondary alcohols in particular can be transformed, even more efficiently,
into the corresponding ketones upon treatment with KMnQO, absorbed on solid copper(ll) sulfate
pentahydrate (CuSO,-5H,0) in refluxing benzene.® Since then, several papers have appeared

132 These

presenting KMnO, dispersed copper(ll) sulfate pentahydrate as a green oxidant of alcohols.
reactions are mostly assisted by microwave radiation. Based on this, Luu and co-workers
demonstrated that the KMnO,/CuSO,-5H,0 system (PP/4CSP) was able to oxidize several secondary
alcohols, which under solvent-free reaction conditions and using microwave irradiation are smoothly

converted to the corresponding ketones in high yields.>®

1.3.1.2. Metal oxides

Metal oxides are able to catalyse alcohol oxidation in order to produce highly selective
products using mild oxidants like H,0, and TBHP.>* Nickel oxide hydroxide has been known to oxidize
a host of organic substrates such as alcohols, aldehydes, phenols, amines, and oximes. However, an
extensive review covering the major part of these reactions demonstrated the requirement of
stoichiometric amounts of nickel oxide hydroxide (1-1.5 equiv. of nickel).”> Recent findings have led
to a new oxidation method utilizing catalytic amounts of nickel(ll) salts and excess of bleach (5%
aqueous sodium hypochlorite) under ambient conditions.*® This system is compatible with allylic

double bounds.

Manganese dioxide very soon became a widely used standard oxidant for the transformation
of allylic alcohols into ketones. It offers very mild conditions and is extremely selective for allylic
alcohols when it is not employed at a high temperature. During the oxidation of alcohols with active
MnO,, water is produced that can partially inactivate the MnO, or generate a brown mud. In 2007,

Zarraga and Sanchez described a green method to oxidize alcohols in mild conditions using water as
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solvent.” The treatment of MnSO, with Oxone™ generates active MnO, in the reaction media, which

leads the oxidation of amines, alcohols and benzylic methyl groups.

Magtrieve™ is a trademark of DuPont for the oxidant based on tetravalent chromium dioxide
(Cr0,).® Magtrieve™ is a cheap ($1/g), nontoxic, easily disposed chromium(IV) oxide that can be
readily removed from the reaction due to its heterogeneous nature and ferromagnetic properties.
Reactivity is comparable to activated manganese dioxide,” but in many cases the yields are higher,
the reactions are cleaner and the work-up dramatically simpler with Magtrieve™. The reduced
trivalent chromium oxyhydroxide surface can be reconverted to CrO, by heating in air at 300-350 °C
for 1-2 h, thus providing a chance to avenue for recyclability and cost-effectiveness. Since CrO, is a
magnetically retrievable material, it makes it a very well suited reagent for microwave synthesis.
Bogdal and coworkers demonstrated that Magtrieve™ carries a benefit of efficient conversion of
electromagnetic energy in heat according to the dielectric heating mechanism.?® In an experiment,
the irradiation of Magtrieve™ (2.5 g) with a continuous power of microwave reactor (30%) in an open
vessel (5 cm diameter) led to quick heating of the material up to 360 °C within 2 min. They recorded
the temperature by means of a thermovision camera and the center of the reaction vessel showed
the highest value as it was expected (a, Figure 1.3). This drawback was solved using toluene as
solvent. In the presence of toluene (15 mL), which is a weak microwave absorber, the temperature of

Magtrieve™ reached ca. 140 °C within 2 min and was more uniformly distributed (b, Figure 1.3).

a) b)

Figure 1.3. The temperature profile for Magtrieve™ irradiated by microwaves vs the temperature profile for

Magtrieve™ in a toluene solution irradiated by microwaves (both 2 min of irradiation).60

Magtrieve™ allows the oxidation of alcohols to the carbonyl compounds with satisfactory
yield and in a short time. The primary alcohols were converted to the desired aldehydes without over
oxidizing them to carboxylic acids. The reactivity of the secondary alcohols seemed to be slightly

lower and the addition of higher amount of the oxidant did not increase the yield of desired ketones.
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The advantages of this procedure include a simple reaction work-up because of the magnetically

retrievable oxidant.

1.3.1.3. Metallic nitrates

Metallic nitrates can be used as mild oxidizing agent, but little attention has been paid to this
potential in organic synthesis. Laszlo and Cornelis, have reported on appreciably unstable Fe(lll)
nitrate impregnated on K10 bentnite clay, as a supported metal nitrato complex for the oxidation of
alcohol to carbonyl compound.®® They have reported that, satisfactory results have been obtained
with a variety of secondary aliphatic, alicyclic, and benzylic alcohols, and with benzyl alcohols. With
primary aliphatic alcohol, complex mixtures of products were obtained. In 1997, a report by Varma
and Dahiya outlined that clayfen can oxidize alcohols upon exposure to microwaves under solvent-
free conditions.®® Ceric ammonium nitrate (CAN) is one of the widely used oxidizing agents. Oxidation
of alcohols with CAN was first mentioned in the 1960s. It was found that benzylic alcohols can be

> and cyclopropylmethanol, to

oxidized to aldehydes,® pentan-1-ol to 2-methyltetrahydrofuran,®
cyclopropanecarbaldehyde.®® Depending on the structure, secondary alcohols can either be oxidized
to ketones or gave aldehydes due to the C—C(OH) bond cleavage.”’” All the reactions with
participation of CAN and other Ce(IV) salts were carried out in solutions of acetonitrile, water,
methanol, or acetic acid. In 2007, Kapustina et al.®® easily oxidized 2-octanol to 2-octanone upon the

solvent-free contact with CAN.

Nishiguchi and Asano supported some metal nitrates on silica gel and used those as oxidizing
agents for the oxidations of benzylic alcohols under nitrogen atmosphere in 1988.%° The activity of
several supported metallic nitrates such as Cu(NO3),, Zn(NOs),, Fe(NO3); or Co(NO3); was evaluated in
the oxidation of cyclododecanol using CCl, or n-hexane as solvent. The oxidation with metallic
nitrates supported in silica can be accelerated by microwave irradiation and used under solvent
conditions. Rafati and co-workers selectively oxidized alcohols to carbonyl compounds using
supported cobalt nitrate hexahydrate in silica gel.”” This oxidizing agent was stable and could be
stored in air at room temperature without losing activity. It is noteworthy that cleavage of double
bonds of a,B-unsaturated alcohols were not observed. The absence of silica was detrimental to yield.
As previous reports,® it is probable that cobalt nitrate hexahydrate supported on silica gel is a source
of nitrosonium ions and the oxidation reaction presumably proceeds via the formation of nitrous

esters.
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1.3.2. Homogeneous oxidation: Oppenauer-Type Oxidation mediated by Shvo’s catalyst

Homogeneous catalyst has been extensively used in the oxidative process for the
manufacturing of bulk as well as fine chemicals. This is because of its efficiency in bringing huge
influences in chemical conversion via the same phase catalysis reaction.”* The development of
efficient and selective homogeneous catalysts contributes to decreasing the environmental impact of
oxidation by making possible the use of more environmentally acceptable oxidizing agents such as

72,73

H,0, or O, instead of hazardous and toxic stoichiometric reagents. In this regard, the hydrogen

47> is a very appealing oxidant free process that is attracting

transfer type oxidation of alcohols
interest for the synthesis of carbonyl compounds. In 1958, Nichols described the Oppenauer
oxidation of castor oil 5a using aluminium tert-butoxide as oxidant and cyclohexanone to produce

a,B-unsaturated ketones (Scheme1.4).”® This process is based on a hydrogen transfer reaction.

0] OH 0] 0]
)LM/=\/:\(\/)/ JL(\/)/\/U\(\,)/
—0 g f —O ; s
0] OH 0] 0]

__ < (tert-BuO);Al M
—OJLM;_\/\(\/)S/ 5 > —O 7 5
0 OH (:/r 0 0

— 2 A
_OJL(\/)/—\/\(\/)/ Xylene or toluene —OJM/
7 5 reflux, 1-6 h ’ >
5a 5d

Scheme 1.4. Oppenauer oxidation of castor oil 5a carried out by Nichols.”®

Oppenauer oxidations with non-transition metals need stoichiometric quantities of the
alkoxide and it is not a catalytic cycle thus, they produce substantial amounts of by-products and
generate environmentally undesired salts during work up.”” The use of transition metals (palladium,
iridium and rhodium) to catalyse transfer hydrogenation reactions is a familiar concept, with
examples from as early as the 1950s.”® Nevertheless, ruthenium catalysts have contributed

79-82

significantly to the recent development of such oxidation reactions. One of the most important

ruthenium-based catalysts is the Shvo’s catalyst 6.5

Shvo’s catalyst 6, {[(n°-Ph,C,COH)(CO)IH,}Ru,(CO)s(p-H), is a hydroxycyclopentadienyl
ruthenium dimer bearing a bridging hydride ligand that which was first synthesized in 1984 by Shvo

85,87

et al. (Figure 1.4).
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Figure 1.4. The Shvo’s catalyst 6.

In preliminary studies Blum and Shvo showed that solutions of Ru3(CO),, exhibited catalytic
activity for the disproportionation of primary alcohols to esters and that the catalytic activity was
highest rather than ketones or aldehydes when diphenylacetylene was added as the hydrogen

acceptor (Scheme 1.5).%

R~ OH 0.67 mol% Rus(CO);, )J\ A~
Ph—=——vph
145 °C

Scheme 1.5. The ruthenium-catalysed formation of esters from alcohols.

Eventually the Shvo’s catalyst 6, which was originally incorrectly assigned as [(n’-
Ph,C,CO)(CO),Ru],, and a related complex, 7, were isolated from the reaction mixture and found to

8788 Re-examination of the *H NMR spectrum of

be catalysts for the formation of esters from alcohols.
the isolated ruthenium dimer revealed a resonance at -17.75 ppm indicative of a hydride ligand.®
This prompted a more detailed examination of the catalyst so the X-ray crystal structure of analogous

complex 8 was determined and revealed the bridging hydride and hydroxyl proton (Figure 1.5).

Ph
Ph Ph Ph
Ph ° A -@: h"e \/@
Ph r Ar Ar
\‘ Ar \ / Ar
SA>co é u\ / 2
oC Co oC oc’ o
7 8
Ar=4-CIC,H,

Figure 1.5. Complexes synthesized by Shvo.

Complex 7 had been synthesised previously® and the cyclopentadienone ligand is formed by
a [2+2+1] cycloaddition reaction between 2 molecules of diphenylacetylene and 1 molecule of CO

87,89,90

mediated by the ruthenium cluster. Complex 8 was found to serve as a precursor to the Shvo’s

catalyst 6, the latter complex being formed upon reaction with aqueous sodium carbonate.” The
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dimeric ruthenium complex {[(n°>-Ph,C,COH)(CO)]H,}Ru,(CO)4(n-H) 6 can also be synthesized directly

by reacting Rus(CO);, with tetracyclone 9 as shown in Scheme 1.6.7%%

Ph Ph
0) 0]
o Ny
) Ph \Ph P Ph
p Ph i Ph Ph
+ RU3(CO)12 n-heptane FSU/ \RU
$\ 7/
PH Ph oc Co oCc cCo
9 6

Scheme 1.6. Synthesis of {[(nS-Ph4C4COH)(CO)]Hz}Ruz(CO)4(u-H) 6 from Ru3(CO),, and tetralone 9.

The Shvo’s catalyst 6 is known to catalyse a number of processes including the reduction of
ketones, imines, alkenes and alkynes, the Oppenauer-type oxidation of alcohols and the dynamic
kinetic resolution of alcohols and amines among others.®*®® The dimer 6 is activated by heat and
dissociates into the two catalytically active monomers, one isolable Ru(ll) 18 electron complex 6a and
one proposed Ru(0) 16 electron complex 6b (Scheme 1.7). The 18 electron species 6a acts as a

hydrogenation catalyst, whereas the 16 electron species 6b acts as a dehydrogenation catalyst.®***

Ph Ph Ph
(0] (0] HO Ph
N,/ \é( )ﬁé:o
Ph \ Ph H Ph Ph A - Ph ’ Ph + Ph Ph
Ph H Ph y
Ru/ \Ru Ru Ru
S\ /7 3 \\H S\
oc CoO OoC CoO OoC co oC CO
6 6a 6b

Scheme 1.7. Thermal activation of Shvo’s catalyst 6 in monomers 6a and 6b.

1.3.2.1. Proposed mechanisms

e The outer-sphere mechanism

The hydrogenation of ketones and the dehydrogenation of alcohols mediated by Shvo’s
catalyst 6 have been proposed to operate through a concerted outer-sphere mechanism, i.e. the

89 The pendant ketone

proton and the hydride are transferred to the substrate simultaneously.
functionality of 6b attacks the hydroxy proton of the substrate and the metal centre abstracts the a-
proton in a concerted manner to give the oxidised product and another molecule of 6a. Complex 6a
donates a proton and hydride to the hydrogen acceptor to reform 6b and complete the catalytic
cycle. Although 6b is too reactive to be isolated, its existence has been inferred from trapping

experiments with triphenylphosphine (Scheme 1.8).5”%

64



Selective Oxidation of Homoallyl Hydroxy Fatty Acids: Synthesis of a,8-Unsaturated Carbonyl Fatty Acids

Scheme 1.8. The outer-sphere mechanism for the oxidation of alcohols by the Shvo’s catalyst 6.

The reaction mechanism for the hydrogen-transfer process, however, is a matter of
controversy. Studies by Casey by means of primary deuterium isotope effects on the hydrogenation
of PhCHO via the active reducing form 6a of the Shvo tolyl analogue catalyst, [2,5-Ph,-3,4-Tol,(n’-
C,COH)]Ru(CO),H, concluded that carbonyl hydrogenation is concerted without substrate
coordination (outer-sphere mechanism, Scheme 1.8),%* this conclusion was also supported by DFT

calculations performed by the same authors.”®
e The inner-sphere mechanism

Béackvall, using a similar methodology, also reported a concerted mechanism for alcohol
dehydrogenation using species 6b.”* Nevertheless, although there is agreement in that catalytic
reaction using the Shvo’s catalyst 6 is concerted, Backvall suggested that the substrate coordinates
the metal via a n°=>n? ring slippage of the aromatic ligand,*** followed by a simultaneous B-hydride

addition and a proton transfer to the unsaturated organic substrate (Scheme 1.9).
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Scheme 1.9. The inner-sphere mechanism for ketone reductions by the Shvo’s catalyst 6. One of several possible

ring-slips is shown.

This mechanism involves the coordination of the ketone prior to reduction therefore a ring-
slip of the hydroxycyclopentadienyl ligand 6a is necessary to provide a vacant coordination site.
Alternatively the temporary loss of a CO ligand could also take place to provide a vacant coordination
site, however this is unlikely since Casey demonstrated that CO exchange with *CO is a slow

|()I"OC€SS.83

1.3.2.2. Influence of the hydrogen acceptor in the oxidation of secondary alcohols

Bickvall et al.”’

developed highly efficient ruthenium-catalyzed Oppenauer-type oxidations of
secondary alcohols to ketones using the Shvo’s catalyst 6. With catalyst loadings from 0.1-0.5% in
refluxing acetone, a range of secondary alcohols including aliphatic, allylic and benzylic alcohols were

oxidised (Table 1.1).
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Table 1.1. Oxidation of unsaturated secondary alcohols using Shvo’s catalyst 6 carried out by Backvall.”

Entry Substrate Time (h) Product Yield (%)°

OH (0] .

! /\/\)\/ 24 /\/\)]\/ %
OH 0]
2 24 73
\/\)\ Ph WJ\ Ph
OH 0]
3 3

OH 0]
BealEINNe SN

“The oxidations were carried out in refluxing acetone.
®Isolated yield.
‘Determined by GC.

The results obtained with the Shvo’s catalyst 6 were worthy for the oxidation of aliphatic
alcohols. Despite the cyclic allyl alcohol gave the a,B-unsaturated ketone in a good yield (entry 4), the

allyl alcohol was quantitatively converted to the saturated ketone (entry 1).

This method was also applied to the oxidation of 5-en-3p-hydroxysteroids.”® Substrates with
various different pendant functionalities were tested and the expected 4-en-3-ones were obtained in
yields of 67-93% (Scheme 1.10). This method significantly improves upon a previously developed
catalytic system for the oxidation of homoallyl alcohols using the Shvo’s catalyst 6 instead of the use
of 2,6-di-tert-butylbenzoquinone and MnO, as the terminal oxidant in which only poor conversions

were obtained for steroidal substrates.”

1
-\\R2 -"RZ

0.25-0.5% 6

Acetone
56 °C
HO )

67-93%
Scheme 1.10. Ruthenium-catalyzed oxidation of steroidal 5-en-3-ols to 4-en-3-ones.
As it can be observed, acetone is an excellent hydrogen acceptor in the oxidization of allyl
and homoallylic cyclic secondary alcohols to ketones. However, when linear allyl alcohols are

oxidized, acetone cannot avoid the reduction of the double bond and thus, the saturated ketones are

obtained.
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Insight into the thermodynamics of the hydrogen transition-metal transfer equilibria may be
helpful in selecting either the reductant or the oxidant properly and in determining the quantity of
oxidant. The equilibrium of the Oppenauer-type oxidation can be estimated from the redox

potentials of the two carbonyls A and B (Scheme 1.11)."%%**

H H
R - H
H )<R; ' Ra)J\ Ry — Rl)J\RZ ' R3)< Ry
A B

Scheme 1.11. The equilibrium can be calculated from the redox potentials of A and B.

Adkins and Cox have determined redox potentials for a wide range of carbonyl
compounds.'® Carbonyl compounds with high redox potentials like aromatic and aliphatic aldehydes
are particularly suitable as oxidants in Oppenauer oxidations. An increase in conversion can be
realized by applying: (i) a hydride acceptor with a higher redox potential than the product; (ii) a larger
amount of oxidant, which is often achieved by using the oxidant as solvent; (iii) the selective removal

of the resulting alcohol or product by evaporation.'®

Acetone in combination with benzene as solvent was used exclusively by Oppenauer in his

original studies and this ketone has remained one of the most widely used hydrogen acceptors.’ |

n
spite of its undesirable low oxidation potential (0.129 V) acetone is often selected since it is cheap
and can be used in large excess. Even its condensation product (mesityl oxide) can be removed fairly
readily. Cyclohexanone not only has a higher oxidation potential (0.162 V) than acetone but a higher
boiling point, which allows a shorter reaction time. Cyclohexanone is also readily available and is
particularly useful in steroid oxidation since it can be removed from the reaction products by steam
distillation. Aldehydes have only rarely been used as hydrogen acceptors. The Tishchenko

condensation of them and the tendency for condensation of the resulting products hamper the

1
processes. 0>
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1.4. OBJECTIVE

The main objective of this chapter was to carried out selective oxidations of homoallyl
hydroxy fatty acids to synthetize a,B-unsaturated carbonyl fatty acids. For this, two types of oxidants
were employed. Firstly, transition metal-free oxidations were studied to evaluate their ability to
transform ricinoleic acid 1a into its corresponding a,B-unsaturated keto isomer 1d. Secondly, the
oxidation of ricinoleic acid 1a mediated by transition metals was attempted. On the one hand,
several heterogeneous catalysts were assessed. On the other hand, Oppenauer-type oxidation in
presence of several easily reducible hydrogen acceptors has been investigated. Finally, acids, esters
and even the triglycerides of the castor and lesquerella oil were submitted to oxidation under the

optimal conditions in order to isolate the corresponding a,B-unsaturated carbonyl fatty acids.
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1.5. RESULTS AND DISCUSSION

1.5.1. Transition metal-free homoallyl hydroxy fatty acid oxidations

We chose ricinoleic acid 1a as starting material for optimising the reaction conditions (Table
1.2). In carrying out our optimisation studies, we focused our attention on the choice of the
transition metal-free oxidation system. The reagents and conditions used and the conversions are

shown in the following table.

Table 1.2. Model reaction used for procedure optimization.

(0] OH (0]
— z Oxidant/Co-oxidant - Y
HO 7 5 Conditions > HO 7 5
(0]
1a id
Conditions Conversion Yield
Ent Oxidant Co-oxidant
ntry xidan o0-oxidan Solvent Tem;:fcr;\ture Time (%)° (%)
0, 0,
1% 30% H:0, 48% Her - 120° 20 min 100 0
2 equiv. 0.2 equiv.
0, . 0,
53 70% tert BL.JOOH 48% Hl.f»r ) 30° 16 h 100 0
2.5 equiv. 0.2 equiv.
. 0,
3% NaBOy4H,0 48% HBr AcOH 50° 16 h 100 0
2.5 equiv. 0.2 equiv.
. 0,
4% Na,C05-1.5H,0, 48% HBr AcOH 50° 16 h 100 0
2.5 equiv. 0.2 equiv.
Bi,O 70%
5% 273 tert-BuOOH EtOAC 90° 40 min 100 0
0.1 equiv. .
5 equiv.
-lodobenzoic acid Oxone™ MeCN/H,0 b
7 ° ) . 2 70 16 h 100 0
(IBA) 0.2 equiv. 1.0 equiv. (2:1)

“Microwave-assisted heating.
b . .

Classical heating.
‘Determined by 'H NMR.

Work started by studying various hydroperoxides in presence of hydrobromic acid (entries 1
and 2), which is a green method for the oxidation a range of secondary alcohols to ketones in
absence of solvent. Our preliminary results showed that hydrogen and tert-butyl peroxides were not
active in this reaction. We observed negligible conversion of ricinoleic acid 1a after heating reagents
both at 120 °C 20 min and 80 °C overnight in the presence of hydrobromic acid as co-oxidant. Using
the same co-oxidant, we also tested solid peroxy compounds. SPC and SPB did not show activity after
heating the starting material 1a at 50 °C in presence of 48% HBr and using acetic acid as solvent

(entries 3 and 4).
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Therefore, we focused our attention on other oxidant systems based on bismuth(lll) and
hypervalent iodine compounds (entries 5 and 6). Unfortunately, both Bi,0s/tert-BuOOH and
IBA/Oxone™ systems did not lead to the formation of the desired o,B-unsaturated carbonyl fatty acid

1d.

1.5.2. Transition metal-mediated homoallyl hydroxy fatty acid oxidations

1.5.2.1. Heterogeneous oxidations

We started studying the oxidation reaction of ricinoleic acid 1a in presence of different

heterogeneous catalysts (Table 1.3).

Table 1.3. Model reaction used for procedure optimisation.

0 OH 0
)LWW Oxidant/Co-oxidant
HO 7 5 Conditions > HO 7 Z 5
0]
1a 1d
Conditions . .
Entry Oxidant Co- T . Conversion Yield
oxidant  Solvent emr::a é)a Y€ Time (%)° (%)°
153 KMnO4/CUSO45H20 _ _ 100 20 100 O
(1:4) 1 equiv. min
56 N|C|26H20 5% NaCIO
2 0.025 equiv. 4 equiv. 100 24h 100 0
3% MnS045H,0 Oxone™ 1o 100 30 100 0
1.5 equiv. 2.5 equiv. min
M H ™
4% agtrieve - Toluene 100 30 100 0
7.7 equiv. min
5 CelNHaINO, : - 100 20 100 0
3 equiv. min
67° CO(NO3)2/S|02 ) ) 100 29 100 0
2 equiv. min

“Microwave-assisted heating.
’Determined by 'H NMR.

First, we carried out the oxidation using the KMnO,/CuSO,-5H,0 system (entry 1), performing
the reaction under microwave heating in absence of solvent. We did not observe reaction after 20
min of heating at 120 °C. The same result was achieved when metallic oxides were used (entries 2-4).
The system NiCl,-6H,0/NaClO used to produce in situ nickel oxide hydroxide able of oxidizing
secondary alcohols in a mild way could not oxidize the ricinoleic acid 1a. The system
MnSQ,-5H,0/0xone™ which generates MnO, in the reaction media did not work either. Magtrieve™,

the ionic and magnetic chromium(lV) oxide, did not lead to the formation of the a,B-unsaturated
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carbonyl fatty acid 1d despite the high temperature achieved in the microwave oven. Finally, metallic
nitrates such CAN or Co(NOs), supported in silica (entries 5 and 6) did not show any positive result in

the oxidation of ricinoleic acid 1a.

1.5.2.2. Homogeneous oxidation: Oppenauer-type homoallyl fatty acid oxidation mediated by Shvo’s

catalyst.

9798 several

In view of the high activity of the Shvo’s catalyst 6 in combination with acetone,
easily reducible hydrogen acceptors were tested with methyl ricinoleate 10a as substrate and {[(n’-
Ph,C4,COH)(CO)]H,}Ru,(CO)4(u-H) 6 as catalyst. The hydrogen acceptors were chosen on the basis of
their relative reduction potentials, their facility of being removed from the reaction medium or by
their natural origin. Figure 1.6 shows the hydrogen acceptors studied. They are divided in three main
groups: ketones, aldehydes, and esters showing an allyl or/and acryl moiety. As it was indicated
above, ketones and aldehydes are regularly used as hydrogen acceptors in Oppenauer reactions, in

addition; terminal alkenes have been described as a good hydrogen acceptors. %’

1. Ketones:
0] 0] 0]
)]\ )J\/ )J\/ © ©
Acetone 2-Butanone Methyl vinyl ketone p-Benzoquinone
o )
0] 0]
0 NO,
24 >-Methyl-1,3- Acetophenone 3,5-Dinitro Benzophenone
Pentanedione cyclohexanedione P acetophenone P
2. Aldehydes:
0 0]
i H OaN H
M~
Acrolein Benzaldehyde 3-Nitrobenzaldehyde
0] 0
o) 0,N-_ O
\ / H \ / H
Furfural 5-Nitrofurfural
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3. Terminal alkenes and unsaturated esters:

o] 0 o]
\Mljol\o/\/ VJ\O/\ \)]\O/\/
Allyl dodecanoate Ethyl acrylate Allyl acrylate

Figure 1.6. List of investigated hydrogen acceptor molecules.

The relative percentages of oxidation of methyl ricinoleate 10a to its corresponding carbonyl
fatty esters such as methyl (2)-12-oxo0-9-octadecenoate 10b, methyl (E)-12-ox0-9-octadecenoate 10c,
methyl (2)-12-oxo-10-octadecenoate 10d and methyl 12-oxooctadecanoate 10e (Scheme 1.12) were

determined from the corresponding gas chromatography peak area.

0] O
10b
N M
0 7 5
0 +
~o0 X 10c
0 OH 7 5
< 0.5% 6 0}
\O — +
7 5 Hydrogen acceptor 0]
(3 equiv.) ~
10a Anh. toluene 0.1 M 0 7 = 5 10d
115°C, t 0o
0 +

Scheme 1.12. Carbonyl fatty acids determined in the oxidation methyl ricinoleate 10a by the Shvo’s catalyst 6.

Based on the original works of Nichols and Backvall,”**"*®

all experiments were conducted in
anhydrous toluene at reflux using 3 equiv. of the hydrogen acceptor and 0.5% of Shvo’s catalyst 6. All
reactions were performed for 24 h, aliquots collected at 1, 4, 8 and 24 h. Table 1.4 summarise the

relative percentages of each ester resulting from the oxidation of methyl ricinoleate 10a.
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Table 1.4 Effect of selected carbonyl compounds as hydrogen acceptors on the time-course oxidation of methyl ricinoleate

10a using Shvo’s catalyst 6.°

Relative percentage J
H ()
Time Conversion (%)° Yield (%)

Entry Hydrogen acceptor (h) (%)°

10b 10c 10d 10e 10b 10c 10d 10e

1 80 12 12 17 39 - - - -
1 No acceptor 4 100 9 11 3 77 i ) ) i
8 100 6 9 1 84 - - - -
24 100 6 9 1 84 - - - -
1 96 9 21 50 16 - - - -
5 Acetone 4 100 7 10 33 50 - - - -
8 100 7 8 23 62 - - - -
24 100 6 7 20 67 - - - -
1 97 7 18 48 24 - - - -
4 100 5 10 30 55 - - - -
3 2-Butanone 8 100 4 10 27 59 - - - -
24 100 4 9 26 61 - - - -
1 92 8 26 56 2 7 19 56 2
b . 4 100 7 21 70 2 7 19 56 2
4 Methyl vinyl ketone 3 100 7 21 70 5 6 18 58 )
24 100 7 21 70 2 6 18 58 2
1 100 5 19 74 2 3 11 61 1
5 p-Benzoquinone 4 100 4 17 76 2 2 8 42 1
8 100 5 11 82 2 2 5 30 2
24 100 5 7 86 2 1 1 24 2
1 26 10 10 6 0 - - - -
. 4 27 11 11 5 0 - - -
6 2,4-Pentanedione 3 27 10 11 6 0 i i i i
24 27 8 11 8 0 - - - -
1 41 10 18 10 3 - - - -
7 5-Methyl-1,3- 4 47 10 20 14 3 - - - -
cyclohexanedione 8 47 9 20 15 3 - - - -
24 50 8 19 20 3 - - - -
1 100 6 10 25 59 - - - -
4 100 5 4 13 78 - - - -
8 Acetophenone 3 100 5 4 10 81 i i i i
24 100 5 3 9 83 - - - -
1 100 6 18 64 12 - - - -
9 3,5-Dinitro 4 100 7 17 57 19 - - - -
acetophenone 8 100 7 16 56 21 - - - -
24 100 7 16 56 21 - - - -
1 69 12 22 24 11 - - - -
4 98 12 15 33 38 - - - -
10 Benzophenone 3 100 12 13 31 44 i i i i
24 100 11 12 30 47 - - - -
1 100 7 22 69 2 6 16 60 1
11 Acrolei 4 100 7 21 70 2 5 17 60 2
crotein 8 100 7 21 70 2 5 17 60 2
24 100 6 21 71 2 5 17 59 2
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Table 1.4. Effect of selected carbonyl compounds as hydrogen acceptors on the time-course oxidation of methyl ricinoleate

10a using Shvo’s catalyst 6 (continued).”

Relative percentage

Entry Hydrogen Time Conversion (%)" Yield (%)’
acceptor (h) (%)°
10b 10c 10d 10e 10b 10c 10d 10e
1 100 6 20 64 10 - - - -
4 100 6 19 58 17 - - - -
12 Benzaldehyde 3 100 6 19 56 19 i i i i
24 100 6 19 54 21 - - - -
1 100 5 14 74 7 - - - -
13 3-Nitro 4 100 5 15 68 12 - - - -
benzaldehyde 8 100 5 17 63 15 - - - -
24 100 6 17 59 18 - - - -
1 100 6 20 66 8 4 12 56 10
14 Furfural 4 100 6 20 60 15 5 15 56 15
8 100 5 19 60 16 4 14 50 17
24 100 6 19 53 22 4 14 48 23
1 100 6 20 72 2 5 16 61 2
. 4 100 6 20 72 2 5 16 59 2
15 5-Nitrofurfural 3 100 6 20 77 5 5 16 56 )
24 100 6 20 72 2 4 13 51 2
1 33 11 12 7 3 - - - -
16 Allyl 4 53 11 18 16 8 - - -
dodecanoate 8 56 10 17 20 9 - - - -
24 61 8 15 28 10 - - - -
1 11 6 5 0 0 - - - -
b 4 19 7 4 8 0 - - - -
17 Ethyl acrylate 3 31 3 9 14 0 i i i i
24 40 8 8 24 0 - - - -
1 14 8 4 2 0 - - - -
18° Allyl acrylate 4 18 9 6 3 0 ) i ) )
8 20 8 7 5 0 - - - -
24 33 9 10 14 0 - - - -
“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), hydrogen acceptor (3 mmol) in refluxing anhydrous toluene
(3.2 mL).
"Distilled.

“The conversion and relative percentages were estimated from the corresponding GC peaks areas.
“ields were determined by gas chromatography using ethyl dodecanoate as the internal standard.

Once the data were analyzed, the best results in terms of relative product formation were
selected to determine the yield of the corresponding carbonyl fatty acid methyl esters (10b-d and
10e). Initially, the reaction was carried out in absence of hydrogen acceptor to assess the evolution
of the system (entry 1). Percentages were 17% for compound 10d and 22% of methyl 12-oxostearate
10e for 1 h reaction (80% of conversion). The percentage for both non-conjugated isomers 10b and
10c was 12% yield. a,B-Enone 10d percentage was 3%, and percentages for 10b and 10c decreased
slightly (9% and 11%, respectively) and the percentage for the oxo saturated ester 10e was 77% for 4

h reaction. No differences were observed for 8 and 24 h reaction, with 6%, 9% and 84% percentages
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for 10b, 10c and 10e, respectively. These data indicated the absence of a hydrogen acceptor led to

the fast formation of the oxo saturated ester 10e.

Hence, a set of ketones were screened. Acetone (entry 2) yielded 50% of 10d and 16% of 10e
for 1 h reaction, although the conversion was not complete. The relative percentage of the a,f3-
enone 10d decreased as the reaction progressed, while the relative percentage of 10e increased,
reaching 33 and 67% for 10d and 10e, respectively for 24 h reaction. Similar percentages were
determined for 2-butanone (entry 3). The high yields of the saturated fatty ester 10e obtained in
both cases indicated the redox potentials of acetone and 2-butanone,'® were not enough to prevent

the over-reduction of a,B-enone 10d.

House and coworkers determined the reduction potential of several a,B-unsaturated ketones
in aprotic media.'® They concluded that their reduction potentials in aprotic media were lower
negative than in the protic media. These more accurate values make the unsaturated ketones good
reagents in reactions that involve organometallic catalyst. Methyl vinyl ketone and p-benzoquinone
(entries 4 and 5) were selected to evaluate their ability to accept hydrogen. The use of quinones has

1% Methyl vinyl ketone is

been widely studied in the oxidation of A>-3-hydroxysteroids via Oppenauer.
commercially stabilized with hydroquinone, which produced the inhibition of the catalyst. Thus,
methyl vinyl ketone was distilled at atmospheric pressure before carrying out the time-depending
study. Methyl vinyl ketone (entry 4) allowed the whole conversion of the starting material 10a,
yielding 70% a,B-enone 10d and 2% of the saturated ketone 10e after 4 h. These relative percentages
remained unchanged until 24 h. The quantification by gas chromatography using ethyl dodecanoate
as the internal standard confirmed the low amount of 10e formed and a 58% of the a,B-enone 10d.
Although p-benzoquinone (entry 5) showed satisfactory relative percentages for the a,B-enone 10d
(74%) and compound 10e (2%), the quantification showed a progressive decrease in yield of the a,B-
enone 10d and its non-conjugated isomers 10b and 10c, reaching up to a 49% reduction of the total
carbonyl unsaturated fatty acids (10b-d) for 24 h reaction. However, the amount of 10e remained
unchanged. This decrease could be explained by the presence of a black solid in the reaction

medium. Moreover, NMR studies indicated the formation of addition compounds between a,f-

enone 10d and p-hydroquinone, which resulted from the reduction of p-benzoquinone.™!

The behaviour of 2,4-pentadione (entry 6) and 5-methyl-1,3-cyclohexadione (entry 7) were
investigated based on the original works of Adkins and Cox,™*? which measured the redox potential of
several 1,3-diketones,. While the 1,3-diketones appeared to prevent the formation of the saturated

compound 10e, both ketones exhibited a nearly constant behaviour along the reaction (entries 6 and
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7). This prevention was more severe for 2,4-pentadione (entry 6) than for the cyclic ketone (entry 7),

which showed a 50% conversion for 24 h reaction.

Beaupeére et al."**** used benzalacetone as hydrogen acceptor to transfer hydrogenation
reaction between alcohols and a,B-unsaturated ketones. Accordingly, a series of acetophenone and
derivatives was tested. After 1 h, the conversion of the starting material 10a was completed in the
case of acetophenone (entry 8) but the main product obtained was 10e in 59%. The relative
percentage was increasing over time at the same time that the percentage of the a,p-enone 10d
decreased. The presence of two nitro groups in 3,5-dinitroacetophenone (entry 9) yielded a higher
relative percentage of the desired product 10d (64%) and reduced the relative percentage of 10e
(12%) for 1 h reaction. Benzophenone (entry 10) led to a lowest conversion (69%) for 1 h reaction.
The reaction was nearly complete at 4 h, yielding 33% of 10d and 38% of 10e. The reduction of the
o,B-enone 10d was observed during the end of the reaction. The redox potential of benzophenone

seems does not prevent the reduction of the double bond.™®

Schinz and coworkers found that aldehydes are effective hydrogen acceptors when used for
the oxidation of primary alcohols and aldehydes.”” ™ In spite of the side aldol condensation
reactions that can occur between the hydrogen acceptor and the final product, recently aromatic

120 This aromatic

aldehydes have been used for the oxidation of secondary alcohols via Oppenauer.
aldehydes allowed the selective oxidation of the alcohol moiety in a,B-unsaturated alcohols.
Acrolein, the simplest a,B-unsaturated aldehyde has been widely studied studied within catalytic
hydrogen transfer reactions due to the interest of obtaining its corresponding a,B-unsaturated
alcohol. Several studies based on thermodynamic calculations describe of the reactivity of various
aliphatic alcohols as hydrogen donors to acrolein in its vapour-phase transfer hydrogenation.'**#
Scheme 1.13 shows the resulting products of this last reaction. Hence, a series of aldehydes were

screened as hydrogen acceptors in the O-oxidation of methyl ricinoleate 10a.

(o] OH 0 0
[M]-cat
)\R —_— \/\OH + \)I\H + \/\OH + Rl)J\R

2
Scheme 1.13. Reduction products obtained in the catalytic hydrogen transfer reaction of acrolein.

Acrolein was distilled before use due to the presence of hydroquinone. Acrolein (entry 11)

allowed the complete conversion of the starting material 10a, yielding 69% a,B-enone 10d, 7% Z-

isomer 10b, 22% E-isomer 10c and 2% 10e for 1 h reaction, which remained unchanged to the end of

the reaction. Acrolein (entry 11) presented better results than methyl vinyl ketone (entry 4), which
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had a similar behavior for 4 h reaction. Additionally, acrolein has a low boiling point and can be easily
removed from the reaction medium by vacuum distillation. The quantification by gas

chromatography of the crude of reaction confirmed these worthy results.

The aromatic aldehydes behavior is described in entries 12-15. meta-Nitro electron attracting
substituent improved the relative percentage of a,B-enone 10d for 1 h reaction. As reaction time
progressed, benzaldehyde and 3-nitrobenzaldehyde (entries 12 and 13) showed similar relative
percentages for the all unsaturated carbonyl fatty acids 10b, 10c and 10d and for the oxo saturated
ester 10e. In both cases, the a,B-enone 10d was reduced to reach 20% of compound 10e. 5-
Nitrofurfural (entry 15) yielded a lower relative percentage of 10e (2%) than furfural (entry 14),
whose value of 10e increased as a,B-enone 10d decreased. Nevertheless, 5-nitrofurfural had the
same problem as p-benzoquinone, a solid black precipitate was produced as the reaction proceeded.
Quantification by gas chromatography confirmed the drop in a,B-enone 10d yield as the reaction

progressed, though the yield of 10e remained constant.

The last group investigated compiled the hydrogen acceptors that had a terminal double
bond or were a,B-unsaturated esters. Terminal alkenes acts as good hydrogen acceptors in the

106,124

dehydration reactions of alcohols mediated by transition metals. Moreover, based on the work

of House,'®

which empirically measured the reduction potential of a,B-unsaturated esters, allyl
dodecanoate, ethyl acrylate and allyl acrylate (entries 16-18) were evaluated. Ethyl acrylate and allyl
acrylate (entries 17 and 18) exhibited similar behaviors, though conversions were lower than 50% for
24 h reaction. It is important to remark that the keto saturated fatty ester 10e was not detected. This
indicated conjugated esters prevented the formation of 10e from the a,B-enone 10d, though
conversions were low and needed longer reaction times. Allyl dodecanoate (entry 16) yielded an
improvement in relative percentages of the all unsaturated carbonyl compounds (61% conversion,

28% 10d, 8% 10b and 17% 10c for 24 h reaction) compared to allyl acrylate (entry 18). However, the

terminal double bond did not prevent the formation of 10e (10% at 24 h reaction).
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. 0,B-Unsaturated carbonyl compounds (ketones, aldehydes and esters) were

VI.

Summary

Classical and widely-used hydrogen acceptors such as acetone and butanone
were not suitable for the synthesis of methyl (E)-12-oxo-10-octadecenoate
10d as they could not prevent its over-reduction and transformation to the

corresponding oxo saturated ester 10e.

able to avoid the reduction of methyl (£)-12-oxo-10-octadecenoate 10d due
to their lower reduction potentials. The best results of both conversion of
methyl ricinolate 10a, time and yield of the o,B-enone 10d were achieved
using acrolein, which can also be easily removed from the reaction medium

by distillation due to its low boiling point

1,3-Diketones behaved as good hydrogen acceptors avoiding the reduction

of 10d although long reaction times were required.

In spite of the good relative percentages obtained in the case of p-
benzoquinone and 5-nitrofurfural, the quantification revealed the dramatic

drop in the final yield of 10d.

The rest of aromatic carbonyls compounds (except acetophenone and
benzophenone) gave good conversions and relative percentages of 10d but

they were not able to avoid the over-reduction.

Allyl dodecanoate presented low conversions and did not prevent the

reduction of the a,B-enone 10d despite the presence of the terminal double

bond.

Considering the highest conversion and the yields obtained at 1 h listed in Table 1.4, acrolein

was adopted as the most suitable hydrogen acceptor for the synthesis of methyl (E)-12-oxo-10-

octadecenoate 10d in the ruthenium-catalyzed Oppenauer-type oxidation of methyl ricinoleate 10a.
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1.5.3. Reaction Condition Requirements

Once the hydrogen acceptor was selected, several reaction conditions were studied taking as
starting point the conditions used in the previous works. *H NMR was used to determine the relative
percentages of each oxidized compound. Table 1.5 shows the protons of each compound used to
perform this analysis, the expected integration values, its chemical displacement and the signal

multiplicity between.

Table 1.5. Selected proton signals used to quantify the carbonyl derivatives from methyl ricinoleate 10a.

Entry Compound Structure H Integration 6 (ppm)
o) OH
1 10a )LMM H-12 1 3.53-3.61 (m
~o g Y, (m)
0] 0
2 10b - M/ H-11 2 3.13 (d)
0 7 11 5
0]
11
3 10c ~o X \ H-11 2 3.07 (d)
7
(0]
0
11
~N -
4 10d 0 S N H-11 1 6.07 (d)
(0]
0]
11 13
5 10e \O H-11&H-13 4 2.38-2.44 (m)
7 4
0

1.5.3.1. Influence of the temperature

The reaction temperature is a critical variable in hydrogen transfer reactions. Early studies
have employed hydrogen atom transfer at higher temperatures (usually >150 °C), particularly, in the
classical Oppenauer oxidations. Toluene or xylene are the typical high-boiling solvents. Nevertheless,
with the advances in the design and synthesis of efficient homogeneous transition metal catalysts
coupled with effective hydrogen atom donors, much lower temperatures have been used for
effective hydrogen transfer reactions of many organic compounds. The work of Backvall in the 1990s,
particularly allowed the hydrogen transfer reactions over a mild range of temperatures; including

ambient to refluxing temperatures with noted increased rates of reactions.”****

For studying this
parameter, the reaction conditions above used were maintained and only the temperature was

modified (Table 1.6).
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Table 1.6. Effect of the temperature on the oxidation of methyl ricinoleate 10a.”

Entry Temp:erature Conver:ion 102 10(2 10(1 109;,
(°C) (%) (%) (%) (%) (%)
1 115 100 12 11 72 5
2 90 45 8 13 11 13
3 80 43 9 11 8 15
4 53¢ 0 0 0 0 0

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein (3 mmol) in
refluxing anhydrous toluene (3.2 mL) for 1 h.

PRelative percentage determined by 'H NMR.

‘Acrolein boiling point. Reaction carried out without solvent.

First, the oxidation of methyl ricinoleate 10a was carried out under the general conditions
and the relative percentages of reaction products (10b-d and 10e) were quantified by 'H NMR. The
conversion was complete after 1 h and the results were in accordance with the chromatographic
results obtained above (entry 11, Table 1.4). Then, experiments at 53, 80 and 90 °C were performed.
The lowest temperature corresponds to the boiling point of acrolein and therefore, this experiment
was carried out without solvent but maintaining the concentration of reagents and catalyst.
Temperature had a positive effect on the conversion. In refluxing acrolein (entry 4), only starting
material 10e was observed. There was any transformation in the a,B-enone 10d. At temperatures
higher than 53 °C (entries 2 and 3), carbonyl fatty acids were synthesized. The higher the
temperature was, higher conversion of a,B-enone 10d obtained. Refluxing toluene (115° C, entry 1),
temperature seemed to be the optimal reaction temperature with regards to acrolein selectivity.
These results were in accordance with the effect of the temperature in the equilibria between
conjugated and unconjugated keto esters described by Fuller.® These thermal studies demonstrated
that only a small energy difference existed between conjugated and unconjugated keto compounds
and also, high temperatures 180-200 °C are necessary to shift the equilibrium towards the a,B-enone

10d formation.
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1.5.3.2. Influence of the volume of solvent

Oppenauer oxidations usually are carried out at high solvent dilution, which generally acts
also as hydrogen acceptor.'® However, in chemical industry the reduction of solvent used is worth to
develop commercial synthesis. Hence, in this section several experiments were attempted decreasing
the amount of toluene used. Table 1.7 summarizes the results of the reactions performed without
change the hydrogen acceptor (acrolein), the percentage of the Shvo’s catalyst 6, the temperature

(refluxing toluene) and the reaction time (1 h).

Table 1.7. Effect of the concentration on the oxidation of methyl ricinoleate 10a.’

Entry 32::::: Concentration Conver:ion 102 10(; 10db 10(-;\J

(mi) (M) (%) %) % % (%)
1 3.20 0.10 100 12 11 72 5
2 1.60 0.20 100 5 12 72 11
3 1.00 0.34 100 5 12 69 14
4 0.50 0.65 100 5 15 66 14
5 0.30 1.12 100 6 16 62 16
6 0.10 3.32 100 8 16 58 18

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein (3 mmol) in refluxing anhydrous
toluene forl h.
PRelative percentage determined by 'H NMR.

The reduction by half of the amount of volume used (0.2 M, entry 2) was possible, obtaining
similar percentages as carrying out the reaction with the initial conditions (entry 1). Although the
percentage of 10e increased (11%), the amount of a,B-enone 10d was equivalent to the 0.1 M
concentration (entry 1). Afterwards (entries 3-6), the increase in the reagent concentration resulted
in higher relative percentages of oxo saturated 10e and carbonyl unconjugated fatty esters (10b and
10c). Hence, a clear increase in the amount of oxo saturated compound 10e was observed as the
volume of solvent decreased. In all cases, conversion of the starting product 10a was complete after
1 h refluxing. Due to the lower relative percentage of methyl 12-oxooctadecanoate 10e, the selected

concentration for the oxidation of methyl ricinoleate 10a through ruthenium-catalyzed Oppenauer-

type reaction was 0.1 M.
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1.5.3.3. Influence of the amount of hydrogen acceptor

The reduction of the mass of all the materials involved in a chemical process improves the
sustainability of the reaction. With this in mind, several experiments were performed to reduce the
amount of hydrogen acceptor. In the previous section, it was concluded that the reduction of the
amount of solvent was possible to carry out the oxidation of methyl ricinoleate 10a. Excepting the
amount of acrolein employed, the rest of reaction conditions were the same as those used in the

hydrogen acceptor screening (Table 1.4). The results are shown in Table 1.8.

Table 1.8. Effect of the hydrogen acceptor amount on the oxidation of methyl ricinoleate 10a.”

. p Conversion 10b 10c 10d 10e
Entry Equiv.

(%)° %8)° (%) (%) (%)
1 3.00 100 5 12 72 11
2 2.00 100 7 14 64 15
3 150 100 8 17 61 14
4 1.20 100 7 16 58 19

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein in
refluxing anhydrous toluene (3.2 mL) for 1 h.

®Molar equivalents of acrolein with regard to methyl ricinoleate 10a.

‘Relative percentage determined by "H NMR.

A decrease in the amount of hydrogen acceptor dramatically reduced the relative percentage
of a,B-enone 10d at the same time as the oxo saturated fatty ester 10e increased. Moreover, an
increase of the amount of the unconjugated carbonyl fatty esters (10b and 10c) was observed as
equivalents dropped. The reduction in the amount of hydrogen acceptor was detrimental to the

formation of the desired product 10d and therefore, the use of 3 equivalents of acrolein (entry 1)

was the most suitable for carrying out this reaction.

83



Chapter 1

1.5.3.4. Influence of the amount of catalyst

The main drawback in homogeneous catalysis is that in many cases is not possible to recover
the catalyst. The amount of catalyst required to achieve the largest amount of o,f-enone 10d in the
oxidation of methyl ricinoleate 10a was evaluated. First, half of the amount of catalyst employed up
to now was checked. Thereafter, a value in between them was chosen. Finally, the progress of the

reaction doubling the amount of catalyst was assessed (Table 1.9).

Table 1.9. Effect of the Shvo’s catalyst 6 amount on the oxidation of methyl ricinoleate 10a.’

Entry 6 , Converfion 10bc 10(:c 10dc 10ec
%)’ (%) G ) (%)
1 1.00 100 7 14 67 12
2 0.50 100 5 12 72 11
3 0.34 100 4 10 65 21
4 0.25 90 7 16 49 18

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6, distilled acrolein (3 mmol) in
refluxing anhydrous toluene (3.2 mL) for 1 h.
"Molar percentage of Shvo's catalyst 6 with regard to methyl ricinoleate 10a.
‘Relative percentage determined by 'H NMR.
The use of 1% of the Shvo’s catalyst 6 (entry 1) did not lead to an increase in the relative
percentage of a,B-enone 10d mantaining the general conditions (entry 2). Quantities less than 0.5%

resulted in a larger quantity of oxo saturated compound 10e (entries 3 and 4). The conversion of the

starting material 10a was incomplete (entry 4) when the amount of catalyst was halved.

1.5.3.5. Influence of the presence of a base

There are several ruthenium-based catalytic systems that showed excellent activities but
needed a promoter or a basic condition. [Ru(OCOCF;)(CO)(PPhs),] with CF;COOH as a promoter,'?®
base-promoted ruthenium hydride-phosphine systems,’***”**® RuCl; hydrate/phosphine and
[RuCl,(p-cymene)],/nitrogen-containing ligands in a basic medium,**>**° Grubbs catalyst and [RuCl,(p-

131

cymene)],/PPh; system with LiOH,”" and pincer diamine and diphosphane Ru complexes with a

32 are some examples. The influence of the promoters in the catalytic

catalytic amount of tert-BuOK
efficiencies of homogeneous transition metal catalysts is exerted through their role as catalyst
preactivation agents. Their presence in the reaction mixture affords a highly active and reproducible
catalyst system for effective transfer of hydrogen atoms. Although it is known that the Shvo’s

catalyst 6 transforms allyl alcohols into ketones without any base,*® in order to investigate the
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influence of a base on the catalytic oxidation of methyl ricinoleate 10a several experiments were
performed. Cesium carbonate was chosen as promoter because of its application in the oxidation of

B4 All experiments were performed in anhydrous toluene at

allyl alcohols mediated by ruthenium.
115 °C (0.1 M) in the presence of 3.0 molar equivalents of acrolein as hydrogen acceptor and 0.5% of
the Shvo’s catalyst 6. Three different amounts of Cs,CO; were screened and the results are

summarized in Table 1.10.

Table 1.10. Effect of the presence of Cs,CO; on the oxidation of methyl ricinoleate 10a.”

Cs,CO;  Conversion 10b 10c 10d 10e

Y (%) (8 (%) (%) (%) (%)
1 15.0 68 7 19 24 18
2 10.0 100 6 18 56 20
3 5.0 100 6 20 58 16

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), Cs,CO; (%), distilled
acrolein (3 mmol) in refluxing anhydrous toluene (3.2 mL) forl h.
’Molar percentage of Cs,CO; with regard to methyl ricinoleate 10a.
‘Relative percentage determined by "H NMR.
The presence of Cs,CO; decreased the relative percentages of a,B-enone 10d drastically.
Adding 15% of Cs,CO; (entry 1) led to an incomplete conversion of the starting material 10a. The
decrease in the amount of base (entries 2 and 3) resulted in complete conversions but the selectivity

was affected. Higher amounts of the oxo saturated compound 10e were formed in comparison with

the total absence of base. This upward trend was also observed in the case of the E-isomer 10c.

1.5.3.6. Optimization of the reaction time

Considering all the results attained above and trying to increase the efficiency of the
reaction, reaction times shorter than 1 h were screened. All experiments were performed in
anhydrous toluene at 115 °C (0.1 M) in the presence of acrolein (3 equiv.) as hydrogen acceptor and

0.5% of the Shvo’s catalyst 6 (Table 1.11).
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Table 1.11. Effect of the reaction time on the oxidation of methyl ricinoleate 10a.”

Entry Tin"ne Conver:ion 102 10(2 10(1 102
(min) (%) (%) (%) (%) (%)
1 60 100 5 12 72.0 11
2 30 100 3 11 78 8
3 15 84 5 13 56 10

“Methyl ricinoleate 10a (0.32 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein (3
mmol) in refluxing anhydrous toluene (3.2 mL).
PRelative percentage determined by 'H NMR.

Table 1.11 shows that (entry 2), complete conversion was achieved for 30 min reaction.
Surprisingly, the relative percentage of the o,f-enone 10d was the highest obtained of the whole
series of tests carried out. The decrease in reaction time in half allowed very few a,B-enone 10d to
be reduced to the oxo saturated compound 10e in the reaction medium. In addition, the relative
percentages of the non-conjugated compounds (10c and 10d) were slightly lower. However, 15 min

of reaction (entry 3) were not enough to oxidize the methyl ricinoleate 10a completely.

1.5.3.7. Efficient continuous flow oxidation

Continuous flow chemistry is the process of performing chemical reactions in a tube or pipe.
Reactive components are pumped together at a mixing junction and flowed down a temperature

controlled pipe or tube.”****’

The main advantages associated with the flow processes performed in
microreactors can be comprised in two broad classes. The first one is associated with the small
dimensions of the channels and includes the precise control of the reaction conditions, the efficient
mass and heat transfer, the possibility of working under superheating conditions. The second aspect
is related to the continuous nature of the process and includes the simplicity in reaction scale-up, the
possibility of performing sequential synthetic steps with independent control of reaction conditions,
the possibility of introducing in-line purification by means of supported scavengers or sorbents and
the possibility of interfacing the reactor with in-line analysis devices for real time monitoring. In view
of the advantages shown by the continuous flow chemistry and more specifically that referred to
scaling, the ruthenium-catalyzed Oppenauer-type oxidation of methyl ricinoleate 10a was carried out
using this technique. The continuous flow system consisted in a combination of FRX Pump Module
and an etched glass chip microreactor of 250 pL. A mixture of methyl ricinoleate 10a, distilled
acrolein (3 equiv.) and the Shvo’s catalyst 6 (0.5%) dissolved in anhydrous toluene (0.1 M) was

pumped with a flow rate of 10 puL/min into etched glass chip microreactor heated at 120 °C. The

residence time was 25 min. The relative percentages were determined by 'H NMR (Table 1.12).
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Table 1.12. Oxidation of methyl ricinoleate 10a by continuous flow.”

Entr Rei:::::ce Conversion 10b 10c 10d 10e
y (min) (%)” %) (%) (%) (%)
1 25 85 5 19 47 14

“Methyl ricinoleate 10a (0.64 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein (3 mmol)
in refluxing anhydrous toluene (6.4 mL).
bRelative percentage determined by 'H NMR.
After completion of the reaction, the conversion of the starting product 10a was 85%. The

relative percentages of all the oxidized compounds were not as good as in comparison with the

results obtained in batch but were in accordance with the conversion.

1.5.3.8. Laboratory scaling up

Once the synthetic route and the optimum conditions for carrying out oxidation of methyl
ricinoleate 10a to methyl (E)-12-oxo-10-octadenoate 10d were defined, the next step was to verify
that the process was scalable and to determine the recovery of the isolated a,B-enone 10d. The
ruthenium-catalyzed Oppenauer oxidation was performed in 1000 mL three-necked flask. Methyl
ricinoleate 10a (10 g) were dissolved in 320 mL of anhydrous toluene and 6.4 mL of freshly distilled
acrolein were added. The flask was fitted with a condenser and was heated under vigorously stirring
in a preheated and stabled-temperature oil bath (150 °C) to compensate the dissipation of heat to
the reaction flask and the environment. The necessary reaction time for the complete conversion of
the starting material 10a was 40 min. The hydrogen acceptor and the solvent were distilled under
reduced pressure. The 'H NMR analysis revealed the following relative percentages: 71% 10d and
10% 10e (also 6% 10b and 13% of 10c). After the purification by liquid column chromatography using

SiO, and petroleum ether/Et,0 (9:1), the a,B-enone 10d was isolated in 68% vyield.
1.5.4. Scope of the reaction

With the optimized reaction conditions in hand, the substrate scope was extended to other
derivatives of methyl ricinoleate 10a as ricinoleic acid 1a and its corresponding triglyceride, castor oil
5a, and also was applied to lesquerella oil 11a and its derivatives lesquerolic acid 12a and methyl
lesquerolate 13a. The homoallyl hydroxy fatty compounds were dissolved in anhydrous toluene and
the Shvo’s catalyst 6 and acrolein were added. The reaction mixture was heated under reflux for 30

min and the crude reaction mixtures were analyzed by 'H NMR. Finally, both methyl esters and acid
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a,B-enones were isolated by liquid column chromatography or recrystallization. The results are

shown below (Table 1.13).

Table 1.13. Synthesis of a,B-unsaturated carbonyl fatty acids.”

(0] (0]
R —
‘OW b
0 +
R\O N ¢ n=7 lb-e: R=H
0 QH n ° 5b-e: R=Gly
R JM 0.5% 6 . 0 10b-e: R=CH,
(0] N s Acrolein : 0 n=9 1lb-e: R=Gly
a Anh. toluene R 12b-e: R=H
o i ~ 13b-e: R=CH
(27 1a ReH 115 °C, 30 min (o) n =z S d e 3
5a: R=Gly (0]
10a: R=CH, o +
n=9 11a: R=Gly R
12a: R=H ~0 f > e
13a: R=CH, o)

Entry  Substrate c°“(‘f,/‘:;f'°" b(%)°  c(%)°  d(%)P  e(®%)’  d(%)
1 1a 100 1 18 71 10 68
2 5a 100 5 14 69 12 n.i.
3 10a 100 3 18 73 6 70
4 11a 100 4 11 60 24 n.i.
5 12a 100 1 21 66 12 50
6 13a 100 4 18 65 13 53

“Homoallyl hydroxy fatty acid (0.32 mmol), Shvo’s catalyst 6 (0.5%), distilled acrolein (3 mmol) in refluxing anhydrous
toluene (3.2 mL) for 30 min.

®Relative percentage determined by "H NMR.

‘Isolated yield of the pure product.

“Not isolated.

The conversion was 100% in all cases. Castor oil 5a (entry 1) and its corresponding derivatives
ricinoleic acid 1a (entry 2) and methyl ricinoleate 10a (entry 3) gave better yields than lesquerella oil
113, lesquerolic acid 12a, and methyl lesquerolate 13a (entries 4-6). Except for triglycerides, the a,[3-
enone compounds 1d, 10d, 12d and 13d were isolated and characterized. The a,3-enone fatty acids
1d and 12d were isolated by crystallization in EtOH (68 and 50% vyield respectively) whereas the
corresponding o,-enone methyl esters 10d and 13d were isolated by silica gel liquid column

chromatography (70 and 53% vyield respectively). The castor and lesquerella a,-enones 5d and 11d

were not isolated due to the crude mixture complexity.
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1.5. CONCLUSIONS

The assayed transition metal-free catalysis and heterogeneous transition metal catalysis
failed to transform the ricinoleic acid 1a, a homoallyl hydroxy fatty acid, to its a,-unsaturated
carbonyl derivative. However, the ruthenium-catalyzed Oppenauer-type oxidation proved to be an
excellent reaction to achieve this sort of compounds. For this, it was necessary to ascertain what
hydrogen acceptor was the most suitable to avoid the over-reduction drawback. Several hydrogen
acceptors were screened with the Shvo’s catalyst 6 as oxidant. a,3-Unsaturated carbonyl compounds
were found to avoid the over-reduction of the o,-enone in the reaction media. Indeed, homoallyl
hydroxy fatty acids could be oxidized to their corresponding o,pB-unsaturated carbonyl fatty acids
with acrolein, which presented a higher tendency to be reduced than the o,3-enone. Moreover,
acrolein could be easily removed because of its low boiling point. Once selected acrolein as the most
suitable hydrogen acceptor, the reaction condition requirements were studied in order to make the
process more efficient. Finally, the free acids, methyl esters and triglycerides of these homoallyl
hydroxy fatty acids were subjected to oxidation under the optimal conditions. Except for the

triglycerides, the rest of a,[3-enones were successfully isolated at the end of this process.
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Synthesis of Sebacic Acid by Oxidative Cleavage of a,8-Unsaturated Carbonyl Fatty Acids

2.1. INTRODUCTION

a,w-Dicarboxylic acids derived from basic oleochemicals are of great interest. The general
formula for this class of compound is HOOC(CH,),COOH where n represents the number of
methylene groups. Typically, n is between 0 and 22. In general, a,w-dicarboxylic acids are industrially
important chemicals due to their potential in the production of various intermediates.’ a,w-
Dicarboxylic acids are classified in three groups according to the size of the carbon chain: a) short-
chain a,w-dicarboxylic acids where n=0-6; b) medium-chain a,w-dicarboxylic acids (n=7-9) and; c)
long-chain a,w-dicarboxylic acids (n=10). Long-chain diacids provide greater flexibility and strength
than short-chain diacids due to their ability to bend, which minimizes breakage and reduces the

number of links in a polymer.

Sebacic acid 14, a medium-chain a,w-dicarboxylic acid, is a very unique chemical with a wide

diversity of applications and performance benefits (Figure 2.1).

0]

OH
HO)W(

0]

Figure 2.1. Chemical structure of sebacic acid 14.

Sebacic acid 14 was named from the Latin sebaceus (tallow candle) or sebum (tallow) in
reference to its use in the manufacture of candles. One of the largest uses of sebacic acid 14 is the
manufacture of Nylon 6,10. Sebacic acid 14 and hexamethylene diisocyanate polymerize through
condensation to produce Nylon 6,10. More than 70% of global sebacic acid 14 demand is for nylons
10,10 and 6,10 according to CMAI (2010). In the industrial setting, sebacic acid 14 can be used as
such or as an intermediate in lubricants, hydraulic fluids, cosmetics, candles, aromatics, antiseptics
and painting materials. Two derivatives of sebacic acid 14 are used in a range of applications as well

(Figure 2.2):

- Dibutyl sebacate (DBS, 15) is a transparent oil liquid, dissolves ethanol and ether. This
product is widely used as rocket propellant. Being non-toxic, used in food and pharma
industry as packing material. It is also used as cold resistant plasticizer for synthetic resin and

synthetic rubber.

- Dioctyl sebacate (DOS, 16) is a transparent light yellow oil liquid with a distinct smell. This
product with low volatility and high-resistant, lightproof, and electrical insulation dissolve in

hydrocarbons, alcohol, ether, benzene and other organic solvents. It is mainly used by PVC,
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chloroethylene copolymer, nitrocellulose, ethyl cellulose and synthetic rubber industries as

plasticizer and suitable for cold resistant cables, leatherette, thin film, sheet material, etc.

R 0 15: R=C,H,q
~0 SR 16:R=C,H

0]

Figure 2.2. Chemical structure of DBS 15 and DOS 16.

In 2010, the global demand for high performance sebacic acid 14 was about 58,700 metric
tons with more than 90% produced in China, where the installed capacity reaches 125,000 metric
tons/year. Sebacic acid 14 can be commercially produced by electro oxidation of adipic acid, by
oxycarbonylation of butadiene or by oxidation of stearic acid with N,0,. However, alkaline oxidative
cleavage is the most applied industrially process to produce sebacic acid 14. This process requires the
use of a high amount of oxidant and energy besides the use of heavy metals to split the ricinoleic acid

1a in either a batch or continuous process.”®

o,B-Unsaturated carbonyl fatty acids are very suitable intermediates to synthesize
dicarboxylic acids due to the high reactivity of the conjugated double bond. This chapter was mainly
focused on the search of a more selective and energetically favorable synthetic route to afford
sebacic acid 14 by oxidative cleavage of the a,B-unsaturated carbonyl fatty acids derived from

ricinoleic acid 1a.
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2.2. OXIDATIVE CLEAVAGE OF UNSATURATED FATTY ACIDS
2.2.1. Alkaline oxidative cleavage

As it was indicated above, alkaline oxidative cleavage is one of the industrially processes to
convert ricinoleic acid 1a to chemical intermediates with 8 and 10 atoms. It is accomplished with
sodium hydroxide or potassium hydroxide at elevated temperatures and in the presence of catalysts
to split the ricinoleate molecule. Dependent upon reaction conditions, different products can be

obtained (Scheme 2.1).

O O OH
Ho/U\(V)gJ\OH + )\(\/)_f
250 °C
/ 14 17
H

5
\ 0 0
<250 °C )]\M/\ )J\(\/)/
HO “OH  + g
18 19

o
Q0

]

HO
1a

Scheme 2.1. Alkaline oxidative cleavage of ricinoleic acid 1a.

At reaction temperatures of 180-200 °C, 10-hydroxydecanoic acid 18 and 2-octanone 19 are
achieved using a molar ratio of alkali and long reaction times (~13 h).*® The 10-hydroxydecanoic acid
18 is formed in good yield if the reaction is performed in the presence of a high-boiling unhindered

primary or secondary alcohol.”®

The increase of two the mol ratio of alkali/mol ricinoleate with an increased temperature
range of 250-275 °C and a shorter reaction cycle produces sebacic acid 14 and 2-octanol 17. A
detailed reaction mechanism has been proposed by Dyntham et al.® in 1960 to explain the alkaline
oxidative cleavage. During the alkaline oxidative cleavage, ricinoleic acid 1a is converted into the B,Y-
unsaturated carbonyl acid 1b which isomerizes in alkaline media to the a,B-unsaturated carbonyl
acid 1d. The a,B-unsaturated ketone undergoes a retro-aldol reaction to yield the 2-octanone 19 and
the C10 formil acid 20. These products become starting points for a complex series of reactions
(Scheme 2.2). The formil acid 20 can react in one of two ways: it can go irreversibly to the
dicarboxylic sebacic acid 14 or the C10 formil acid 20 can accept hydrogen from ricinoleic acid 1a and
convert it to B,Y-unsaturated carbonyl acid 1b, which recycles into the system, and gives rise to the

10-hydroxydecanoic acid 18.
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Scheme 2.2. Mechanism of the alkaline oxidative cleavage of ricinoleic acid 1a.

In the actual reaction, the castor oil 5a and sodium hydroxide are fed to a reactor at a

temperature of 180 to 270 °C where the ricinoleic acid 1a undergoes a series of reactions with

evolution of hydrogen to give disodium sebacate and 2-octanol 17. The disodium sebacate is then

partially neutralized to the half acid salt which is water soluble. The oil and aqueous layers are

separated. The aqueous layer containing the half salt is acidulated to a pH of about 2, causing the

resulting sebacic acid 14 to precipitate from the solution. It is then filtered, water washed, and finally

dried.

The literature reveals that the yield of sebacic acid 14 in earlier attempts have been low and

far from satisfactory. Adams et al.” synthetized 2-octanol 17 by alkaline oxidative cleavage in 1921.
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As a result, 2-octanol 17 was obtained in 23-42% conversion based on castor oil 5a whereas sebacic
acid 14 was obtained as by-product in a low yield. In subsequent years, several US patents described
changes in the reaction conditions to improve the yield of sebacic acid 14. Higher amounts of NaOH

and the use of lubricants or mineral oils to control the formation of foam are some of the changes

10-12 13
d. I

introduce Verma et al.” introduced the lead tetroxide (Pbs;0,) as catalyst, which increased the

yield of sebacic acid 14 to 70%. In view of the performance improvement, other metal oxides such as

cadmium oxide, barium oxide or nickel oxides were used as contemplated in several patents.*"’

Vasishtha et al.*®

investigated the alkali pyrolysis of castor oil 5a in the presence of white mineral oil
(mixture of alkanes from 15-40 carbons and cyclic paraffins) and 1% lead tetroxide catalyst, which
yielded 70.1% 2-octanol 17 and 72.5% sebacic acid 14. The use of sodium nitrate as a catalyst is
present in a US patent.’® This patent describes the use of heat transfer fluids such as an aromatic oil,
glycol oil or petroleum oil as a diluent to allow the mechanical agitation of the reaction mixture.
Three years after, a process for the synthesis of sebacic acid 14 and 2-octanol 17 at high temperature

accomplished by using a chemically inert thinning agent was disclosed. The use of this agent changed

the fluidity of the solution, thus allowing for improved yield and efficiency of the reaction.”

In 2008, Azcan et al.”* introduced the use of the microwave technology on the alkaline
oxidative cleavage of castor oil 5a. In this study, different parameters, such as NaOH/oil ratio,
reaction temperature, and reaction time were evaluated. The results of the study suggested that the
alkali fission of methylated, presaponifed castor oil containing 1 wt-% Pb30,4 in a 250-mL quartz
reactor at 240 °C for 20 min reaction time can yield 76.2% sebacic acid 14 and 62.6% 2-octanol 17.
According to the results, it could be concluded that microwave heating reduced the reaction time
from hours (5 h) to minutes (20 min). Moreover, the reaction temperature was reduced (20 K

decrease) compared to literature data carried out with conventional heating techniques.'®
2.2.2. Alkaline sodium hypochlorite cleavage

Zaidman et al.”> presented different oxidizing agents, including potassium permanganate,
dichromate, chromic acid, hydrogen peroxide, ozone, and sodium hypochlorite, in the oxidative
cleavage of unsaturated fatty acid double bonds, analyzed their economic performance, and
developed a manufacturing computer-simulation based on sodium hypochlorite-RuCl; oxidation
technology. The economic parameters obtained showed that sodium hypochlorite is the most
commercially efficient oxidant. Although the ruthenium-hypochlorite system is widely known to
break down unsaturated fatty acids, Tao et al.”® achieved dicarboxylic acids by the treatment of soy

fatty acid with sodium hypochlorite in absence of ruthenium catalyst. The data showed that the
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ruthenium catalyst accelerated the initial double-bond oxidation rate but consumed more active
chlorine and retarded the completion of oxidation. At 25°C without catalyst, only 24 h were required
to transform all double bonds, consuming only 51.4% of the active chlorine (close to the
stoichiometric amount required). Thus, the absence of catalyst decreased the consumption of active
chlorine by 31.4% and completed the oxidation faster. During the reaction, Cg diacid oxidation

products were detected by GC-MS analysis.
2.2.3. Ruthenium-catalyzed oxidative cleavage

Transition metal-based catalytic systems are considered to be most suitable for the oxidative
cleavage of olefins. Their high catalytic activities make it possible to use more gentle oxidants.
Ruthenium is one of the oldest transition metals employed in the oxidative cleavage of C—C double
bonds.**** Ruthenium tetroxide is a powerful oxidant in organic synthesis for the oxidative cleavage
of olefins. The stoichiometric oxidation of double bonds by RuO, is fast and very selective.”®* This
resulting from a reaction mechanism that does not involve epoxides or hydroxylated intermediates.
This mechanism involves the formation of a cyclic perruthenate ester.’® RuO, can also be used as a
catalyst when RuCl; is employed with a secondary oxidant like NalO,, NaClO, tert-BuOOH or

RCOOOH. These oxidants can perform the re-oxidization of RuO, to RuO, (Scheme 2.3).

\N_/
/C—C\ — O O —F O + O + RuO,

Scheme 2.3. Oxidative cleavage of C—C double bonds by RuQ,.

Sharpless and co-workers have reported on the use of RuCl; in combination with NalO, for
oxidative cleavage of alkenes. RuQ, is generated in situ by the reaction between RuCl; (or RuO,) and
NalO,.** Usually, a catalytic amount of ruthenium is used in a biphasic media water/organic
solvent(s). RuQ, is generated in this biphasic mixture, and the resulting RuO, remains dissolved in the
solvent mixture after the oxidation of the substrate. Otherwise, RuO, will precipitate in the organic
solvents®® inhibiting the catalytic cycle. Sharpless underline the important role of (i) carbon
tetrachloride for RuQ, solubilization and (ii) acetonitrile to avoid the catalytic cycle inactivation due
to low-valent ruthenium carboxylate complexes.® For these considerations and because RuO, is a
vigorous oxidant and the number of co-solvents is limited, the substitution of CCl, or MeCN by

another co-solvent is not easy.
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The Sharpless system has been widely explored and further developed by other groups.*
Catalytic amounts of RuCl; with stoichiometric amounts of NalQ, in CCI4/MeCN/HZO,35'36 can also be
used to oxidatively cleave oleic acid 21 into nonanoic acid 22 and azelaic acid 23, as reported by

Nakano and co-workers (Scheme 2.4).>’

0 2.2% RuCl, 0 0 0
)Lwa(\/)/ 4.1 equiv. NalO, /U\M/ /U\(\/)JJ\
HO » HO + HO OH
7 7 H,0/MeCN/CCl, 7 7

21 3:2:2 22 23

Scheme 2.4. Oxidative cleavage of oleic acid 21 carried out by Nakano and co-workers.”

Optimization of the system involved the replacement of CCl, by ethyl acetate to give the
system EtOAc/MeCN/H,0 2:2:3 (v/v) in order to nearly quantitatively cleave a series of unsaturated
fatty acids within 2-4 h at room temperature, using 2.2% catalyst loading and 4.1 equiv. NalO,.*
Sebacic acid 14 was isolated in 78% yield from 10-undecylenic acid 24. Later, the same group carried
out a study to assess the influence of the mixture of solvents.* The substitution of CCl, by the
emulsifier Aliquat® 336 and the use of ultrasound technology increased the reaction rate of oleic acid
21 cleavage to yield 96% nonanoic acid 22 and 81% azelaic acid 23 in MeCN/H,0 1:1 (v/v) in only 45
min at room temperature. Under these conditions, trans-unsaturated fatty acids of different chain
lengths can also be readily cleaved with this system (Scheme 2.5). Alternatively, the use of organic
solvents with this system can even be omitted. 10-Undecylenic acid 24 under 20 kHz ultrasonic

irradiation and with Aliquat® 336 in aqueous solution for 6 h gives 85% of sebacic acid 14 after 45

40

min.
0] 0 0]
2.2% RuCl
4.1 equiv. NalO, 8
24 14
CHiy (85%)

C8H17—lil:C8H17 -

29%| Aliquat®336
H,0/MeCN

1:1
Ultrasonic irradiation

Scheme 2.5. General oxidative cleavage of 10-undecylenic acid 24 into sebacic acid 14 carried out by

. 39
Zimmermann et al.
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2.2.4. Oxone™/periodate oxidative cleavage

Adaptation of systems known to catalyze epoxidation or dihydroxylation of internal olefins
can therefore be of interest for the development of new catalytic systems for selective oxidative C=C
bond scission. Oxone™ is an attractive oxidant for alkene oxidation, as it is cheap and readily
accessible. Epoxidations with Oxone™ have been reported in water at neutral pH and without
organic solvent, but the activity for electron-rich aliphatic olefins proved negligible under these

41

conditions.” Other common solvents for epoxidations with Oxone™ are aqueous MeCN or

42,43
TM t

hexafluoroisopropanol. Ketones are commonly added in such olefin oxidations with Oxone o

yield dioxirane intermediates, which are the active species in the epoxidation.****

Recently, Gebbink
et al.*® observed significant amounts of cleavage products in reactions with a combination of
sacrificial oxidants only, i.e. without any metal complex. They demonstrated that the combination of
Oxone™ and periodate in a MeCN/H,0 reaction mixture shows a preference for the cleavage of
electron-rich internal olefins. Moreover, industrially interesting unsaturated fatty acids such oleic
acid 21 and derivatives can be oxidatively cleaved into mono- and diacids and a series of terpenes

can be transformed into diacids (Table 2.1).

Table 2.1. Oxidative cleavage of unsaturated fatty acids.”

0
0 ; MeCN/HO HO

Entry n R Time (h)  Conversion (%)° Yield (%)°
1 8 Me 6 83 70
2 8 Me 18 96 95
3 8 H 6 100 99
4 11 Me 18 65 52
5 8 H 18 100 99

“Oxone™ (2 equiv.), NalO, (1.5 equiv.). MeCN/H,0 (3:1 v/v), 0.18 M, 2-16 h reflux, then. MeCN/H,0 (3:9
v/v), 0.07 M, 2 h reflux.
®Yield of nonanoic acid 22 determined by GC.
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2.2.5. Alkaline hydrogen peroxide cleavage

Oxidation with alkaline hydrogen peroxide, as described by Weitz and Scheffer in 1921,% has
been used successfully for preparation of the epoxides of many a,B-unsaturated ketones and
aldehydes. The knowledge of the mechanism of this reaction is largely due to the work of Bunton and
Minkoff.* Based on this study, the first work referred to the cleavage of a,p-unsaturated ketones in
presence of alkaline hydrogen peroxide was described by Sapper and coworkers in 1955.* They
reported that alkaline hydrogen peroxide oxidation can follow quite a different course in the case of
o,B-unsaturated ketones which present functional groups next the ketone. Their experiments led to
the hypothesis that a,B-unsaturation and a rather readily enolizable hydrogen on the a’-carbon were
necessary and sufficient to render a ketone susceptible to the cleavage. They proposed that the
attack of the peroxide must be preceded by the attack that occurs on the a,B-unsaturation. Such a
requirement would seem to be explained best by the assumption that the oxidation at the a'-
position is accomplished by interaction with a hydroperoxide group initially introduced at the B-
position. The procedure used with this reaction mixture was designed primarily for the separation of

the aldehyde fraction; the quantity of acid obtained was too small.

Later, Temple carried out the cleavage of a variety of a,B-unsaturated ketones, which were
converted into their corresponding acids in good vyields.*® The oxidative cleavage reaction is
composed by a two-step mechanism. The first step is the epoxidation of the double bond, after that
the opening of the epoxide ring in basic media followed by the elimination of hydroxide from j-
hydroxy ketone leads to the retro aldol cleavage (Scheme 2.6).

OOH 0
_ ] _
ArHC=CH,COCH;+ HOO === | ArHC—CH,COCH,| —» ArH,C—CHCOCH, + HO™ (1)

0 0o~ 0
- | ]] -
ArH,C—CHCOCH, + HOO —= ArHCTCHCOCH; —= ArCH + HO  + [CHCOCH,|(2)
O-OH
>

Scheme 2.6. Epoxidation and cleavage of a,B-unsaturated ketones mechanism.
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2.3. OBJECTIVE

The objective of this chapter was to synthetize sebacic acid 14 through the oxidative cleavage
of the a,B-unsaturated carbonyl fatty acids derived from ricinoleic acid 1a and obtained in Chapter 1.
This method was designed to be more selective, benign and energetically favourable than the current

ones.
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2.4. RESULTS AND DISCUSSION
2.4.1. Alkaline oxidative cleavage

Initially, (E)-12-oxo-10-octadecenoic acid 1d was selected as substrate to study the oxidative
cleavage of the conjugated double bond. Microwave technology was chosen as heating system due
to the advantages of speed, selectivity, precise control and improved economics owing to

consumption of less energy.>*

Alkaline oxidative cleavage of (E)-12-oxo-10-octadecenoic acid 1d was carried out according
to a known procedure,™ in which sodium hydroxide is used in excess (50% w/v). A series of reaction
in which the temperature was changing was carried out to find the minimum required temperature.
Four temperatures were analyzed: 100, 120, 140 and 150 °C. The results are shown in Figure 2.3. The
yields and conversion were calculated by GC-MS. For this, the reaction mixture was derivatized using
methanol and catalytic H,SO,. The conversion of the starting material was complete in all the cases.
With a temperature of 100 °C, sebacic acid 14 was no observed although the (E)-12-oxo-10-
octadecenoic acid 1d was totally consumed. Since the temperature was increased, a higher
percentage of sebacic acid 14 was obtained. At 120 °C only 19% yield of sebacic acid 14 was detected
but when the temperature was increased 20 °C, the percentage of sebacic acid 14 was almost

doubled. Finally, with a temperature of 150 °C, 90% of sebacic acid 14 was achieved.
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Figure 2.3. Effect of temperature in the alkaline oxidative cleavage of (E)-12-oxo-10-octadecenoic acid 1d.
Reaction conditions: (E)-12-oxo-10-octadecenoic acid 1d (0.16 mmol) and 50% w/v NaOH (6.25 mmol) under microwave

irradiation for 30 min.

From these results it is clear that the alkali splitting of the a,B-unsaturated carbonyl fatty acid
1d could be performed at a lower temperature than the necessary to cleavage ricinoleic acid 1a, but
the excessive amount of alkali was still the major drawback. Different concentrations of alkali were
studied with the aim of determining if lower amounts of alkali allowed the alkali splitting of a,f-
unsaturated carbonyl fatty acids. Figure 2.4 shows the results after evaluating five different
concentrations. Interestingly, as the alkali concentration was decreased, an increase in the yield of
the 12-oxooctadecanoic acid 1e was detected. As seen in Chapter 1, the o,B-unsaturated carbonyl
fatty acid 1d tended to be reduced quickly and easily due to its large hydrogen acceptor capacity.
These results were in accordance with the mechanism of alkali fission described by Dytham.®
However, sebacic acid 14 was obtained in 80% yield when 6% w/v of sodium hydroxide was used.
The oxidation of the C10 formil acid 20 was faster than the reduction of the (E)-12-oxo-10-

octadecenoic acid 1d. This implied that the alkaline oxidative cleavage of a,B-unsaturated carbonyl

fatty acids can be carried out with lower amounts of sodium hydroxide.
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Figure 2.4. Effect of concentration of sodium hydroxide in the alkaline oxidative cleavage of (E)-12-oxo-10-
octadecenoic acid 1d. Reaction conditions: (E)-12-oxo-10-octadecenoic acid 1d (0.16 mmol) and NaOH under microwave

irradiation for 30 min at 150 °C.

Although the yield of sebacic acid 14 was slightly lower using 6% sodium than the other tests,
the results were quite satisfactory. Therefore, the reaction was scaled up using this concentration of
sodium hydroxide with the objective of isolating the dicarboxylic acid 14. The microwave used was a
Milestone Ethos-Touch Control equipped with a temperature sensor. Two grams of (E)-12-oxo-10-
octadecenoic acid 1d and 68 mL of 6% w/v NaOH were placed in a 100 mL-PTFE tube. After 30 min
heating at 150 °C, the reaction mixture was allowed to room temperature. The work up of the
reaction was carried out based on the procedure described by Emslie in a patent slightly modified.>
75% H,SO, was added until pH 6.5 was reached. At this point, an oily layer was formed at the top of
the aqueous solution. This top layer was withdrawn (16% of total weight), derivatized and analyzed
by GC-MS. This first isolated layer contained a 62% of sebacic acid 14. Next, the remaining aqueous
system was adjusted to pH 5.6 by addition of 75% H,SO,. A second oily layer appeared and was also
withdrawn. This portion constituted the 45% of the total weight. Despite being the most abundant
part, only 36% of sebacic acid 14 was present in this layer. Finally, the pH was reduced to 2.5
appearing a yellow solid which was filtered (39% of total weight). The GC-MS analysis revealed that it

was formed by a mixture of dicarboxylic acid in which azelaic acid 23 was the main product.

111



Chapter 2

As it was indicated above, the alkaline oxidative cleavage of castor oil 5a at a temperatures of
185-195 °C is favored by the presence of primary or secondary alcohols like 2-octanol 17. In addition,
at temperatures of the order of 240 °C, the presence of ketones or formil acids improves the yield of
the alkali fission.>® In view of the achieved results, we performed the microwave-assisted scaling up
in presence of 2-octanone 19, a ketone with a high boiling point. The reaction conditions were the
same that the used before: 2 g of the a,B-unsaturated ketone 1d, 68 mL of 6% NaOH and 4 equiv. of
2-octanone 19. The analysis of the oily layers obtained at pH 6.5 and 5.6 revealed that the main
product was the starting material 1d. On the other hand, the yellow solid from pH 2.5 resulted a

mixture of monocarboxylic acids.
2.4.2. Alkaline sodium hypochlorite oxidative cleavage

Initially, the cleavage with alkaline sodium hypochlorite of the compound 1d was
accomplished at room temperature. To favor the solubility of the starting material 1d, petroleum
ether was added in a small volume (2% v/v). The amount of active chlorine used in the reaction was a
ratio 1:9 a,B-unsaturated ketone/5% NaClO. It was added in twice in order to minimize the loss of
active chlorine. The pH of the reaction was taken to 8 by the addition of 1 M NaOH. Table 2.2 shows
the results achieved performing the reaction for 24, 48 and 72 h. At 24 h (entry 1), the conversion of
the starting material 1d was 70% however, only 7% of sebacic acid 14 was afforded. Conversion was
complete after 48 h of reaction (entry 2) and the yield increased to 11%. Finally, despite the 72 h of

reaction (entry 3) and the 100% of conversion, the yield of sebacic acid 14 was 13%.

Table 2.2. Time evolution of cleavage of (E)-12-oxo-10-octadecenoic acid 1d by alkaline sodium hypochlorite.’

0] 0 0]
HO™ WANF > HOJL(V);U\OH
14 ) Petrolertn; ether 14
Entry Time(h) Conversion (%)” Yield (%)°
1 24 70 7
2 48 100 11
3 72 100 13

?(E)-12-ox0-10-octadecenoic acid 1d (1.68 mmol), 5% NaClO (15.1 mmol), 1
M NaOH/petroleum ether (3:7, 1125 pL).

bConversion and yield determined by HPLC-UV using standard calibration
curves of (E)-12-oxo-10-octadecenoic acid 1d and sebacic acid 14.
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In view of these results, we performed the reaction adding slowly the bleach through an
automatic pump. The amounts and conditions were the same as the in the previous experiments.
The bleach was added with a flux of 20 pL/min. After 24 h of reaction, a white solid was formed on
top of the reaction. This solid was filtered (42% recovery) and analyzed by 'H NMR. Despite the
presence of small signals of starting material, the remaining signals indicated the presence of
monocarboxylic acids. The rest of reaction was extracted first with petroleum ether and later with
dichloromethane. Both fractions were analyzed by 'H NMR. The apolar fraction was totally the
starting material 1d and corresponded to half of the recovered material (~¥50% conversion). The

dichloromethane fraction (7% recovery) was a mixture of the a-chloroketone 25 and the diol 26

(Figure 2.5).
0 cl 0] OH
HOW HOW
0o OH O
25 26

Figure 2.5. Chemical structures of compounds 25 and 26.

2.4.3. Ruthenium-catalyzed oxidative cleavage

With the mind set on the work of Zimmermann et al.*® who optimized the Sharpless system
replacing toxic solvents by greener solvents, we decided to apply these conditions to the oxidative
cleavage of a,B-unsaturated fatty acids. (E)-12-Oxo-10-octadecenoic acid 1d was treated with the
catalyst RuCls-H,0 (2.2%) and NalO, (4.1 equiv.) (Scheme 2.7). The mixture of solvents used was
H,0/MeCN/EtOAc in a ratio 3:2:2 and 2% w/w of the emulsifier Aliquat® 336 was added. The reaction
mixture was stirred at room temperature and after 4 h the starting material 1d was consumed. The

'H NMR analysis showed a mixture of the formil acid 20 (33%) and the sebacic acid 14 (57%).

(0] (0] (0] (0] (0]
2.2% RuCl, )LM/U\ )L(v)/u\
HO , F 5 . > HO H + HO OH
4.1 equiv. NalO, 8 8
1d o Aliquat®336 20 14

H,0/MeCN/EtOAc

3:2:2

rt,4 h

Scheme 2.7. Ruthenium-catalyzed oxidative cleavage of (E)-12-oxo-10-octadecenoic acid 1d.
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2.4.4. Oxone™/periodate oxidative cleavage

Based on the studies of Gebbink et al.*® we carried out the reaction between (E)-12-oxo-10-
octadecenoic acid 1d and a combination of Oxone™ and sodium periodate (Table 2.3). Initially, the
proportion of MeCN/H,0 used was 1:3 and the mixture was heated at reflux for 24 h (entry 1). After
that time, an abundant black solid in suspension appeared in the reaction media. The GC-MS analysis
of a derivatized fraction of the reaction mixture revealed, apart the sebacic acid 14 as the main
compound (76%), the presence of heptanoic acid and azelaic acid 23. In addition, the conversion of
the starting material 1d was complete. After several recrystallizations in hot water, pure sebacic acid
14 was isolated in 41% yield. To improve the solubility of the starting material 1d, the reaction was
tested with a lower amount of H,O. The proportion of solvents was MeCN/H,0 1:0.17. A catalytic
amount of the emulsifier Aliquat® 336 was also added (entry 2). These changes produced a decrease
in the amount of heptanoic acid formed, which resulted into an increase in the yield of the desired
compound 14 (89% yield). However, the recovery of sebacic acid 14 (40%) after the recrystallizations
in hot water was practically identical to the previous result. On the other hand, the submission of the
reaction mixture to continuous ultrasounds for 30 min (entry 3) gave worse results than the classical
heating. The conversion was 90% and the crude reaction was more complex. Even though sebacic

acid 14 was the main compound, the yield only was 43%.

Table 2.3. Oxidative cleavage of (E)-12-oxo-10-octadecenoic acid 1d by the Oxone™/NalO, system.’

(0] (0] (0]
Oxone® /”\M/U\
—_—
HO TNF > N0, HO . “OH
0] MeCN/H,0
1d 14
Entr MeCN/H,0 T (°0) Aliquat® 336 Time Conversion Yield Isolated
Y (v/v) (1L) (h) (%)°  (%)° yield (%)
1° 1:3 reflux - 24 100 76 41
2° 1:0.17 reflux 10 24 100 89 40
3¢ 1:3 - - 0.5 90 43 -

“(E)-12-Ox0-10-octadecenoic acid 1d (0.67 mmol), Oxone™ (1.35 mmol), NalO, (1.0 mmol), MeCN/H,0.
bConversion and yield determined by GC-MS.

“Reflux.

Ultrasound reactor (output level 40%).
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2.4.5. Alkaline hydrogen peroxide oxidative cleavage

The oxidative cleavage of methyl (E)-12-oxo-10-octadecenoate 10d mediated by alkaline
hydrogen peroxide was investigated using 30, 50 and 60% concentrations of hydrogen peroxide

(Table 2.4).

Table 2.4. Time evolution alkaline hydrogen peroxide of methyl (£)-12-oxo-10-octadecenoate 10d.”

(0] (0] (0]
X% H,0
N 272 > /”\MJJ\
0 7 Z 5 1N NaOH, MeOH HO 8 OH
(0] 45°C,24 h
10d 14

Entry H,0,(%) Conversion (%)” Yield (%)°

1 30 100 0
2 50 100 0
3 60 100 0

“Methyl (E)-12-oxo-10-octadecenoate 10d (0.32 mmol), X% H,0, (386 uL), 1
N NaOH/methanol (2:3, 2.57 mL).
®Conversion and yield determined 'H NMR.

In all the cases, the starting material 10d was completely consumed and the ‘H NMR
revealed its transformation into the epoxyketone 27 (Figure 2.6). Any experiment led to the desired

compound, the sebacic acid 14.

~N
OW

0]
27

Figure 2.6. Chemical structure of the epoxyketone 27.
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2.5. CONCLUSIONS

First, the microwave technology was applied to the alkali fission of the compound (E)-12-oxo-
10-octadecenoic acid 1d to obtain sebacic acid 14. The optimization of these reaction conditions
allowed to achieve sebacic acid 14 with a decrease of the temperature and the amount of oxidant
compared to the industrial processes. However, the scaling up of the reaction with the new
conditions did not lead to the dicarboxylic acid 14. After the evaluation of all the tests performed, we
could ensure that the best results were obtained with the Oxone™/periodate system despite the
price of sodium periodate. This system allowed the one-pot oxidative cleavage of a,B-unsaturated
fatty acids and did not require expensive or toxic transition metal reagents or catalysts. The
dicarboxylic acid 14 could be isolated by recrystallizations in non-toxic solvent (H,0). In addition, it
was proved that oxidative cleavage can be carried out by using ultrasound reactors decreasing the

reaction time and avoiding conventional heating.
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3.1. INTRODUCTION

Approximately 20% of the adult European population have chronic pain® and, in addition to
the physical and emotional burden it brings, the financial cost to society is huge, currently estimated
at more than €200 billion per annum in Europe. The same chronic pain leads to $150 billion per
annum in the USA.” Fewer than 2% of sufferers ever attend a pain clinic’ with the remainder
managed mainly in primary care, if anywhere.> Management of pain is essential for patients and the
discovery of new analgesics constitutes a prime economical interest for pharmaceutical companies.
Pain is integrated as an electric signal on sensory neurons, known as nociceptors, sensitive to a wide
range of stimuli. Mechanical changes (pressure, cuts, and injuries), variations in temperature
(cold/hot) and chemical stimuli* are enabled due to specialized sensory neurons. Activation of these
receptors induces a gradual depolarisation of the membrane that can initiate action potentials when
the membrane potential (at -70 mV during resting) reaches a threshold of intensity (-55 mV). Action

potentials are conducted by the axon to the central nervous system (CNS) for further processing.

From a neurobiological perspective, three types of pain are distinguished:

e Nociceptive pain is essential to detect and minimize contact with damaging or noxious
stimuli.

e Inflammatory pain that accompany inflammation has also a protective role and usually
resolves spontaneously due to healing. However, in cases of ongoing inflammation or severe
injure it needs to be reduced.

o Neuropathic pain occurs after damage of nervous system.

Over the years, the study of transient receptors potential (TRP) channels has provided insight
into the mechanisms of nociception and has helped to understand the detection and processing of
painful stimuli. TRP channels from various species participate in all five of the Aristotelian senses
(sight, hearing, touch, smell and taste). They are tetrameric integral membrane proteins grouped in 8
subfamilies, namely TRPC (Canonical), TRPP (Polycystin), TRPV (Vanilloid), TRPM (Mucolipin), TRPN
(or NOMPC= NO Mechanoreceptor Potential C), TRPA (Ankyrin), TRPML (Melastatin), and recently
identified TRPY in yeast.” (Figure 3.1)
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TRPA1

TRPV1
é TRPC4

TRPV5 RPV2 /
TRPC1

TRPC5
TRPC2
Figure 3.1. TRP subfamilies tree.?

They have been recognized as key transducers of sensory signals and as particularly
important noxious stimuli detectors. Various TRP family members participate in thermosensation,
are gated by temperature changes and are therefore known as thermoTRPs: TRPV1,” TRPV2,?
TRPV3,”° TRPV4," TRPMS,"*"* and TRPA1" (Figure 3.2).

30

25+
20

N //

TRPA1 TRPV3
-t
TRPM8 TRPV4 TRPV1 TRPV2

—_— —

Firing rate

10 20 30 40 50 60

Temperature (°C)

Figure 3.2. The temperature dependency of the firing rate of different thermoTRP channels.™

These channels may respond to chemical compounds, voltage and some of them are
activated by mechanical stimuli. ThermoTRPs are activated by naturally occurring compounds. TRPV1
is stimulated by capsaicin, the burning molecule in red hot chilli peppers and camphor. TRPV3 is
activated by camphor and TRPV4 by bisandrographolide (Andrographis paniculata).'®* TRPMS is a
channel responding to menthol (mint), the active ingredient in green mint and TRPA1 responds to
pungent ingredients such as isothiocyanates (mustard oil, horseradish), cinnamaldehyde (cinnamon),

allicin (garlic) and eugenol (cloves) (Figure 3.3).
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Figure 3.3. Schematic depiction of the predicted membrane topology of the thermoTRPs and their activation by

natural ligands. BAA, bisandrographolide AY

TRPV1 was the first receptor linked with a pain and thermosensation in 1997, it was cloned
and described as both capsaicin 28 (hot chili pepper substance) receptor and noxious heat detector
(temperatures above 43 °C). Over the last decade, TRPV1 has become the model receptor for pain
signal integration. This receptor constitutes an alternative for pain treatment to the commonly
targeted COX pathway. The endocannabinoid N-arachidonoylethanolamine 29 (anandamide, AEA)
was the first endogenous modulator of TRPV1 identified (Figure 3.4). There is a large body of
evidence suggesting that the endocannabinoid anandamide 29 acts as a sensitizer, partial agonist, or
full agonist of TRPV1 depending on various metabolism- or disease-related factors (e.g. receptor

reserve, phosphorylation level and the presence of other modulators).*®"

H
(0] O\/\NH
/O N F
H

28 29

Figure 3.4. Structures of capsaicin 28 and anandamide 29.

Fatty acid amide hydrolase (FAAH) is the major catabolic enzyme of anandamide 29, which
also hydrolyses other endogenous fatty acid ethanolamides with different degrees of efficiency.
FAAH is increasingly being considered a relevant therapeutic target, especially in models of
inflammatory pain.”> When FAAH enzyme is inhibited, anandamide 29 is not hydrolysed and it is
bounded to TRPV1 receptor activating the corresponding processes and finally, the analgesia effect is
produced. Therefore, FAAH inhibitors have in fact definitely demonstrated therapeutic benefit in a

variety of pain models.”
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The present study was aimed at testing both the TRPV1 receptor and FAAH enzyme response
through various capsaicin-like compounds derived from homoallyl hydroxy fatty acids (ricinoleic 1a
and lesquerolic acid 12a). The synthesis of several compounds was envisaged to evaluate their

activity and discover new acyl templates with potential “dual” mechanism of action against pain.
3.2. TRANSIENT RECEPTOR POTENTIAL VANILLOID | (TRPV1)
3.2.1. Structure and activity of TRPV1

The vanilloid receptor | is a non-selective Ca** channel. It is a homotetrameric membrane
protein whose structure features 839 amino acids, six predicted a-transmembrane domains and six
ankyrin repeat domains.” It presents the N- and C- termini in the cytosol, and has a relatively
conserved hydrophobic pore domain between the fifth and sixth transmembrane domains. This
topology is characteristic of ion channels and has already been reported in voltage-gated K* channels.
The C- terminus contains the characteristic TRP domain, a 25 amino acid segment highly conserved in
the TRP superfamily. Temperature sensing domains are located at this terminus. At the other side,
the N-terminus contains the three ankyrin domains, which are composed of 33 residues forming two
helices separated by a loop region. This motif accommodates protein-protein interactions. In the
case of TRPV1 has been found to bind to calmodulin (CaM), the calcium-binding protein (Figure

3.5).2

Figure 3.5. Schematic representation of the topology of TRPV1 protein subunit (modified).24

The high resolution three-dimensional structure of full TRPV1 is not available, only the
structure of ankyrin domain has been solved.” In 2008, a low resolution structure of rat TRPV1 was
obtained by electron cryomicroscopy.” Gao et al.”’ reported a much improved resolution structures
of TRPV1, alone and in a complex with different modulators combining electron cryomicroscopy with

the nanodisc reconstitution of the TRPV1 protein, in 2016 (Figure 3.6).
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linker

TRP domain

Figure 3.6. Ribbon diagram of TRPV1 atomic model with each of the four identical units color-coded.”®

The main mechanism for the activation of TRPV1 is based on phosphorylation, which acts to
potentiate capsaicin- or proton-evoked responses and reduces the temperature threshold for TRPV1

activation.??!

Several second messenger pathways are associated with this mechanism. Residues
S$502 and S800 are phosphorylated by protein kinase C (PKC). Calmodulin binds to the first ankyrin
domain and to the C- terminus, on the 767-801 segment. The system Ca’*/calmodulin-dependent
protein kinase (CAMKII) also phosphorylates the residues S502, T370 and T704. The phosphorylation
of $502, $116, T144 and T370 leads to the activation of protein kinase A (PKA).”** A-Kinase
anchoring protein 150 (AKAP150) is required for the phosphorylation of TRPV1 by PKA or PKC in
sensory neurons and, hence, affects TRPV1-dependent hyperalgesia under pathological conditions.

The activation of N-methyl-D-aspartate (NMDA) receptors sensitizes TRPV1 by enhancing serine

phosphorylation through PKC in trigeminal nociceptors (Figure 3.7).*
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Figure 3.7. TRPV1 is a polymodal integrator in the peripheral nervous system. Blue arrows represent TRPV1-
sensitizing stimuli via protein-kinase activation and red arrows indicate negative regulation by PIP,, ca®* and calmodulin.
Coloured circles represent amino-acid residue for vanilloid binding (orange, Y511, S512, L547, T550), phosphorylation sites
(blue, S116, T370, S502, T704, S800) and proton activation sites (green, E600, E648). The C- terminal part of TRPV1 (red line)

interacts with PIP, and calmodulin.®

To sum up, when damage is produced inflammation occurs. Proinflammatory compounds
and the activated kinases lower the threshold of activation of TRPV1. It produces an excitability of

the peripheral terminal membrane of the neuron increasing its sensitivity.
3.2.2. Regulation of TRPV1 activity

According to their mode of action there are three major types of compounds that can
modulate the activity of TRPV1: agonists, competitive antagonists, and non-competitive antagonists.
Agonists can interact at the binding site producing a desensitization of the receptor after a fast onset.
A competitive antagonist binds to a receptor but does not activate the receptor. These antagonists
will compete with available agonists for receptor binding sites on the same receptor. Sufficient
antagonist will displace the agonist from the binding sites, resulting in a lower frequency of receptor
activation. Non-competitive antagonists remove the receptor or its response potential from the
system; this may be by preventing the agonist from producing its effect at a receptor site by
irreversible change to the receptor or its capacity to respond. This antagonism is not reversible by
increasing the concentration of the agonist. Only agonists and their role in nociception are described
below in detail because they are of particular relevance to this dissertation. Depending on their
origin, agonists can be divided in two groups: endogenous and exogenous agonists. An endogenous
agonist is a compound naturally produced by the body which binds to and activates that receptor. An
exogenous agonist is not produced by the body and they can be obtained from natural sources,

semisynthetically or synthetically.
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3.2.2.1. Endogenous agonists

A wide range of stimuli are responsible for TRPV1 activation including noxious heat, low
extracellular pH and a variety of chemical mediators. TRPV1 is thought to mediate the phenomenon
of peripheral sensitization that involves a reduction in the threshold of activation and an increase in
the responsiveness of the peripheral termini of nociceptors. Several studies have been presented on
the existence of endogenous vanilloid agonists, a class of compounds referred to endovanilloids.*®
Various lipids from fatty acid derivatives have also been identified as TRPV1 activators. These

compounds can be divided in two groups:

e Biogenic amides: anandamide 29, N-oleylethanolamine®®*®* (30, OLEA), N-
arachidonoyldopamine®” (31, NADA), N-arachidonolylserine 32, N-arachidonoylserotonin (33,

AA-5-HT)* and various N-acyltaurines and N-acylsalsolinols (Figure 3.8).*°

HO
" NH HO NH

- ) — — 0
OLEA 30 NADA 31
COOH l NH
HO
= — o — — o
OH
N-arachidonolylserine 32 AA-5-HT 33

Figure 3.8. Structures of compounds 30-33.

e Oxygenated eicosatetraenoic acids: 5-, 12-, and 15-hydroperoxyeicosatetranoic acids (5S-,
12S-, 15S-HPETE, 34-36), their reduced hydroxylic analogues (37-39), prostaglandins,
leukotriene B4,41 adenosine, ATP, and polyamines (such as spermine, spermidine and

putrescine) (Figure 3.9).*
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COOH

Figure 3.9. Structures of compounds 34-39.

3.2.2.2. Exogenous agonists

TRPV1 can be activated by a heterogeneous array of natural products that includes dietary
compounds (capsaicin 28, capsaicinoids and capsinoids, piperine, eugenol, and gingerol), plant toxins
(resiniferatoxin 40) and animal toxins.”> TRPV1 activation by capsaicin 28 is followed by nociceptor
desensitization, a state characterized by the inability of the receptor to respond to the capsaicin 28
or other noxious stimuli. TRPV1 desensitization is a process markedly depending on Ca*" and involves

25,44-47

various intracellular signalling pathways. Thus, dephosphorylation by the phosphatase

calcineurin of TRPV1 previously phosphorylated by cAMP-dependent protein kinase A (PKA) or Ca**-

29,30,48,49 Conversely,

calmodulin-dependent kinase 1l (CaMKIl) leads to TRPV1 desensitization.
phosphorylations at several consensus sites for protein kinase C (PKC), cAMP-dependent protein
kinase A (PKA) and Ca**/calmodulin dependent kinase Il (CaMKII) have been shown to reduce the
Ca’*-mediated desensitization of TRPV1. There are a number of putative phosphorylation sites at
which the TRPV1 channel can be regulated: S502 and S800 have been implicated as targets of PKC-
dependent phosphorylation and S116, T144, T370, and S502 were identified as the key sites at which
PKA phosphorylation increases the open probability and reverses desensitization of the channel.
Later, evidence was presented that the TRPV1 desensitization might involve a much more complex
Ca’*-dependent pathways. Acute Ca’*-dependent TRPV1 desensitization has been shown to be
accompanied by a profound change in voltage dependence,”®*" loss of capsaicin binding,*® and
depletion of membrane phosphatidylinositol 4,5-bisphosphate (PIP,), indicative of the involvement

of Ca**-dependent PLC activity in this process. This desensitisation explains the paradoxical analgesic

effect of capsaicin 28.**

After the discovery that a specific and selective receptor for capsaicin 28 was present in
nociceptive neurons® and the subsequent characterization of such receptor as the TRPV1 ion

channel,” efforts have been made to understand the molecular basis of the interaction between
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capsaicin 28 and TRPV1. For SAR studies, capsaicin 28 has been traditionally divided in three parts
(Figure 3.10):>**°

e Aromatic region. It is the 4-hydroxy-3-methoxybenzyl moiety characteristic of homovanillyn
derivatives. This polar head is essential for exciting sensory neurons.
e Benzylamidic region. The amide bond linker.

e Lipophilic acyl region. This hydrophobic part interacts with a hydrophobic region in the

receptor.
Aromatic Benzylamidic Lipophilic acyl
region region region
0

Figure 3.10. Chemical structure of capsaicin 28 showing relevant regions: polar (red), linker (green) and

hydrophobic (blue) moieties.

Liao et al.”® reported the structure of TRPV1 partially solved by cryoelectron microscopy,
which describes the density assigned to capsaicin 28 located in a pocket involving residues from
helices S3 (Y511) and S4 (M547 and T550).°*® Further contacts were identified including E570 from
the S4-S5 linker, and L669 from S6 of an adjacent unit. The vanillyl ring would point upward and

would interact with T550 and W549, and the aliphatic tail would point toward Y511 (Figure 3.11).

Figure 3.11. Structural representation of the TRPV1 channel resolved by cryo-EM corresponding highlighting the
transmembrane domain colored by chain: A (blue), B (red), C (gray), D (orange). The black arrow indicates the binding site
of capsaicin 28 at the interface between two monomers (A and B), which is magnified on the right. Four identical capsaicin
28 binding sites are present in TRPV1. Two orientations of capsaicin 28 denoted VR4, and VR, are depicted at the binding

site observed in the cryo-EM structure (modified).59
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The extremely irritant diterpene present in the dried latex of the plant Euphorbia resinifera,
resiniferatoxin (RTX, 40) is a very specific agonist for the TRPV1 channel. E. resinifera is a cactus-like
plant native to the Anti-Atlas Mountains of Morocco.®® Early reports of the medical use of dried latex
of E. resinifera describe its direct application to dental cavities to mitigate toothache or to suppress
chronic pain.®! Importantly, resiniferatoxin 40 is about 3 to 4 magnitude more potent than capsaicin
28 as well in dose-response curve as for the effect on thermoregulation and neurogenic
inflammation.®” Resiniferatoxin 40 has been useful for the treatment of urinary urge incontinence
and pain associated with diabetic neuropathy, two human pathologies mediated by TRPV1

dysfunction (Figure 3.12).%

Figure 3.12. Right: Chemical structure of resiniferatoxin 40 showing relevant regions: polar (red), linker (green)
and hydrophobic (blue) moieties. Left: RTX 40 binding mode with TRPV1 receptor as balls and sticks, and the surrounding

amino acids as surface (modified).64
e Capsaicinoids: N-Vanillyl-Acylamides (NVAs) and Long Chain N-Vanillyl Acylamides (LCNVAs)

Capsaicinoids are the name given to a large family of natural compounds found in members
of the Capsicum family (also known as peppers), discovered in 1961 by Japanese chemists.®”® They
were the first exogenous agonists identified. The most common capsaicinoid is 8-methyl-N-vanillyl-6-
nonenamide (capsaicin, 28). Capsaicin 28 was first purified in 1846° but its structure started to be
described only in 1919.%” Nelson showed the pungency of chillies resulted from vanillyl amides® and
contributed to solving the structures of capsaicin 28 in 1923.% All capsaicinoids share structural and
activity similarities with capsaicin 28,%’* but they are not as abundant as capsaicin 28 that can
account for up to 80% of capsaicinoid content of chili peppers. The pungency of all these molecules
emphasizes the fact that this activity is defined mainly by the benzene ring region; however, the
length of acyl chain can modify it.”* Besides the five natural capsaicinoids (Table 3.1), one synthetic
member of the capsaicinoid family exists: vanillylamide of n-nonanoic acid (45, VNA, also PAVA) used

as a reference substance for determining the relative pungency of capsaicinoids.
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Table 3.1. Structure and pungency of some capsaicinoids.

Typical
relative
amount (%)

. = F
1 Capsaicin 28 w 16 69
2 Dihydrocapsaicin 41 ’é\/\/\/\( 15 22

3 Nordihydrocapsaicin 42 }"/\/\/Y 9 7
4 Homocapsaicin 43 }é/\/\/\)\ 8.6 1

5 Homodihydrocapsaicin 44 \.és/\/\/\)\ 8.6 1

6 Pseudocapsaicin 45 TN 9.2 -

Pungency

Entry Capsaicinoid R (x10°)°

“Measured by Scoville scale.

N-vanillyl-acylamides (NVAs) are a group of compounds that are encompassed within the
capsaicinoids. NVAs have been at the centre of intense research activity aimed at elucidating the
basis of their antinociceptive properties and exploiting their therapeutic potential. These studies
provided evidence of definite structure-activity relationships; however, the potency of the parent
compound could not be increased significantly, and no better clinical lead emerged from these
investigations.”” The discovery of alternative templates with improved potency and/or
pharmaceutical profiles (resiniferonoids,”* N-vanillyl-N’-(3-acyloxy-2-benzylpropyl)thioureas,”” N-
alkylhomovanillamides,”® and N-vanillyl-N’-benzylureas’’), shifted the focus of vanilloid research from

NVAs.

Certain observations suggest that lipophilic domain of capsaicin receptor has elements
capable of binding polar groups or, alternatively, that certain structural elements can preorganize, in
conformational terms, the lipophilic acyl moiety of NVAs for binding. Studies on the relationship
between the acyl chain length and the pungency of NVAs revealed that a chain length of around nine
carbons, as capsaicin 28 and dihydrocapsaicin 41, causes the strongest sensation of pungency in

87 However, those with longer or shorter acyl chain than that of capsaicin’s are less

humans.
pungent.” Although NVAs with a chain length of more than 18 carbons do not generate any stimulus,

some capsaicin-like useful activities remain in these long chain N-vanillyl acyl amides (LCNVAs). Long
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chain N-vanillyl acylamides (LCNVAs) have been developed as synthetic capsaicin 28 analogues with
capsaicin-like physiological activities and with no, or less, harmful stimuli.®’ LCNVAs with ubiquitously
occurring natural fatty acid moieties, such as myristic (C14:0), palmitic (C16:0), stearic (C18:0),
linoleic (C18:2), and linolenic (C18:3) acids, have been developed as myrvanil, palvanil, stevanil,
livanil, and linvanil, respectively (46-50).2"% Since the late 1980s, olvanil, N-vanillyl-9-(E)-
octadecenamide (also known NE-19550) 51, has mostly been studied as an attractive LCNVA because
of its high capsaicin-like activities: it is anti-inflammatory®* and antinociceptive,®® and it enhances
adrenaline secretion,®® despite its lack of irritancy or pungency. Furthermore, several studies have
shown that the potency of olvanil 51 (ECs5,=3.7 nM) to activate TRPV1 is comparable to that of
capsaicin 28 (ECs,=9.1 nM).”®”® The paradoxical relationship between the high potency of olvanil 51
to activate TRPV1 and its lack of pungency might be due to its lower accessibility to TRPV1 in the
tongue because of its higher lipophilicity than capsaicin 28.2 LCNVAs with arachidonic (C20:4)

(arvanil, 52) and docosahexaenoic (C22:6) 53 acids have also been investigated (Table 3.2).%°

Table 3.2. Chemical structure of some LCNVAs.

(0]
/OD/\NJ\R
H
HO
Entry R LCNVA

1 RPN e e P Myrvanil 46
2 R e e P e Palvanil 47
3 - e e e e e Ua N Stevanil 48
4 RN NP e e e P Livanil 49
5 3 — — — Linvanil 50
6 NN TN NN Olvanil 51
7 e — — — — Arvanil 52

8 \5‘5/\=/\=/\=/\=/\=/\=/\ Docosahexaenoic 53

Palvanil 47 exhibited kinetics of activation of human TRPV1 slower than that of capsaicin 28.
Slow kinetics of TRPV1 agonists were previously found to be associated with stronger potencies as
TRPV1 desensitizing agents, lower pungency and stronger anti-hyperalgesic activity.” Long lipophilic
sequences resembling the acyl moiety of capsaicin 28 but constrained in a covalent or

conformational way and occasionally interrupted by polar groups (hydroxy, ketone carbonyl, double
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bond(s)) are present in a host of compounds from the natural products pool, mostly fatty and
terpenoid acids. Many of them are easily available and could provide interesting probes for
characterizing the lipophilic domain of the capsaicin binding site. An analogue of olvanil 51 is the
rinvanil 54 (Figure 3.13).%> This compound is easily available from commercial and cheap ricinoleic
acid 1a and it presents a hydroxy group on the homoallylic carbon. Its potency (EC50=6.0 nM) is
comparable to capsaicin 28 and olvanil 51. This finding suggested the presence of polar elements

within the apolar pocket accommodating the acyl residue of capsaicin 28.

o OH

_O N —
H
HO

Figure 3.13. Chemical structure of rinvanil 54.

The fact that the vanilloid activity was tolerant to the presence of oxygen on the distal side of
the double bond led to the synthesis of new ricinoleic N-acylamides derivatives. Appendino and Di
Marzo were the first to prepare derivatives from ricinoleic acid 1a.” The first approach was to
confirm the need of the presence of the double bond. The resulting product from hydrogenation of
rinvanil 55 and its corresponding saturated ketone 56 showed a reduction of efficacy but not
potency. The efficacy was especially increased when a cyclopropanation of de double bound 57 was
performed. Another approach was the study of the existence of groups that can establish hydrogen
bounds starting from observation that resiniferatoxin 40 shows an aromatic moiety on its lipophilic
diterpenoid core. The acetylation of hydroxy group 58 led to a significantly increment of activity
which suggest that polar element(s) as hydroxy group does not establish a hydrogen bond within the
apolar pocket. Hence, there should be a second pocket, capable of interacting with ester groups,
which might also be present in the apolar cleft accommodating the acyl residue of LCNVAs (Table

3.3).
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Table 3.3. TRPV1 biological evaluation of the vanillamides 55-58.

Entry Compound Structure Efficacy (%) pECs
OH
1 55 j@ﬂ J]\(\/)/\M/ 69.7:t0.9  8.3%0.2
0O 0
© S
2 56 - DAN 0 67.0412  8.240.1
H
HO
O -
O =
3 57 -~ :©/\N ’ 98.0+7.1  8.30.2
H 5
HO
0
4 58 9.410.5

o) QJ\
z 93.5+5.9
H 7 5
HO

Data from Appendino and Di Marzo.”

The introduction of an hydroxy group in the acyl chain of olvanil 51 yielded rinvanil 54, which
was subsequently esterified with several acids containing different aryl moieties.”
phenylacetylrinvanil 59 (IDN5890) yielded what is considered the most potent capsaicinoid reported
to date because it is approximately 500-fold more active than capsaicin 29 and less pungent.
Phenylacetylrinvanil 59 was the first compound structurally unrelated to resiniferatoxin 41 that
shows efficacy comparable with the natural product in assays of vanilloid activity. Although its
potency was 8-fold lower, the activity of phenylacetylrinvanil 59 is in the same two-digit picomolar
ECso range. The ultra-potency of 59 was decreased by further chemical modifications (epoxidation 60
or hydrogenation 61) of its fatty acid chain. Chemical modifications as the configurational inversion

of the chiral center 62 and cyclopropanation 63 of the double bond were tolerated (Table 3.4).

The synthesis of

Benzoyl- 64 and phenylpropionylrinvanil 65 were as potent and less potent than 59, respectively.

136



Synthesis of New Long Chain N-Vanillyl Acylamides (LCNVAs) with biological response in pain receptors

Table 3.4. Structures and biological results in TRPV1 receptor of the vanillamides 59-65.

0]

/O:©/\NJ\R

H

HO

Entry Compound R Efficacy (%) ECso (nM)
0]

1 59 C_)JJ\/Ph 98.2+2.1 0.09+0.02
)

2 60 0 (_)JI\/Ph 71.3£3.2 5.0+0.2
0]

3 61 Q)J\/Ph 72.2+¢3.,5  0.59+0.03
0]

4 62 \/W\/_\/(i/]\/:h/\/ 95.2+2.3  0.10+0.02
0]

5 63 QJ\/Ph 80.1+2.3  0.13+0.02

6 64 0 Ph 86.1+2.2  0.13+0.02

7 65 C_))J\/\Ph 98.4+2.7  0.200.02

4
N, —_—
4

Data from Appendino and Di Marzo.”
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3.3. FATTY ACID AMINO HYDROLASE (FAAH)

In addition to serve as the core structural components of cell membranes, lipids also function
as signalling molecules that regulate a number of physiological processes by acting on specific
receptor in the nervous system and periphery. One of the most important groups of lipid
transmitters is the fatty acid amides (FAAs). The fatty acid amide bond has long been recognized in
nature, being important in the structure of ceramides® and sphingolipids.”® The first non-sphingosine
based fatty acid amide isolated from a natural source was N-palmitoylethanolamine 66 from egg yolk
in 1957.°°Two general classes of endogenous FAAs have been identified: the N-acyl ethanolamines

(NAEs) and fatty acid primary amides (FAPAs) (Figure 3.14).

(0]
NH,
0]
OH o
NN Palmitamide 68
H
(0]
N-palmitoylethanolamide 66
NH,
0]
OH
H/\/ Stearamide 69
0]
N-stearoylethanolamide 67 z NH,
Oleamide 70

Figure 3.14. Structures of some endogenous NAEs and FAPAs.

Anandamide 29 is one of the best-known and best understood members of NAEs.
Anandamide 29 is an endogenous ligand for the cannabinoid receptors in the mammalian brain®” and
has been shown to regulate numerous neurobehavioral processes, including pain, motility, cognition,
and feeding. The production of anandamide 29 takes place in postsynaptic neurons in response to a
stimulus, e.g. elevation of intracellular Ca”*"-levels. Thus, anandamide 29 is not stored but synthesized
dn.98

“on deman Anandamide 29 is simultaneously released to extracellular space where its binding

sites (CB-receptors) are located. Reuptake is thought to be carried out by either passive diffusion,”

102,103

facilitated diffusion,'® endocytosis,'®* or by transport protein. The existence of these different
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theories'™ inherits from the fact that as a very lipophilic molecule, anandamide 29 is most likely able

to diffuse through membranes readily without aiding mechanisms.
3.3.1. Structure and activity of FAAH

In 1996, an “oleamide hydrolase” activity was affinity purified to near homogeneity from rat

liver membrane.*®

After the cloning of its cDNA and transfection into COS-7 cells, a high anandamide
hydrolase activity was observed, confirming that a single enzyme was indeed capable of degrading
both NAEs and FAPAs. Hence, this enzyme was named Fatty Acid Amide Hydrolase (FAAH), in
recognition of the large number of endogenous FAAs that it accepted as substrates. FAAH is
comprised of 579 amino acids and it was characterized by sequence analysis as the first mammalian
member of amidase signature (AS) enzyme family, containing over 100 mainly fungal and bacterial
enzymes. AS enzymes share a characteristic feature of having a highly conserved region that is rich in

serine, glycine, and alanine residues.’®

Unlike most AS enzymes, FAAH is an integral membrane
protein, having a transmembrane domain of first 29 amino acids. However, deletion of these amino
acids (ATM-FAAH) resulted in an enzyme that had the same catalytic activity and binding property to
membranes as wild type FAAH. These results indicate that FAAH possesses multiple domains for
membrane association and is capable of being active in other than its natural configuration. In 2002
the X-ray crystalline structure of ATM-FAAH was determined in 2.8 A resolution opening a new era in
FAAH study.'®” The results revealed FAAH to be a dimeric enzyme. The crystallization of the enzyme
by binding with methoxyarachidonylfluorophosphonate (MAPF) revealed that the residue Serine 241
(Ser241) plays a very important role in the FAAH active site. Ser241 forms an unusual Ser-Ser-Lys

catalytic triad with Ser217 and Lys142 which is thought to carry out the hydrolysis of the amide bond
(Scheme 3.1).

0
o)
Ser241—OW Ser241—0—|)—R Ser241—0)\\ R

H,N” R v~ NH;
Ser217-0H <——— Ser217—-0-H ~S————= Ser217-0OH + I}IH2
H
Lys142—NH, Lysl42—lJ>IH3 Lys142—NH,
A B C

Scheme 3.1. Proposed mechanism for the FAAH active site acylation step in the amide hydrolysis.108

The FAAH structure contains channels that allow the enzyme to access both the membrane

and cytosolic compartments of the cell. One of these channels is called the acyl chain-binding (AB)
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channel leading from the membrane-binding surface of the protein to the enzyme active site. AB

channel is comprised almost entirely of hydrophobic residues and is thought to participate in

109

substrate recognition.”~ Another channel emerges from the active site at an angle of approximately

80° from the substrate-binding cavity to create a solvent-exposed “cytoplasmic port” (CP). FAAH
structure suggests a model where fatty acid amide substrates gain access to the active site by first
entering into the membrane. After hydrolysis, the fatty acid would exit the enzyme via AB channel to

membrane. Hydrophilic amine products would be excreted directly to cytosolic space via the

107

cytoplasmic port (also called membrane access (MA) channel).”™ The cytoplasmic port may also play

a role by providing an entry for the water required in the hydrolysis (Figure 3.15).*%

- ~
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Figure 3.15. Overview of the FAAH protein in complex anandamide 29, embedded in a 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE) lipid bilayer. The interface region between the MA and AB channels is indicated as

transition region (T). The chemical structures of anandamide 29, N-palmitoylethanolamide 66 and, oleamide 70 is also

110
shown.

Regarding anandamide 29, it is hydrolysed by FAAH in neurons and astrocytes into
breakdown products arachidonic acid 71 and ethanolamine 72. The catalytic mechanism for
anandamide 29 hydrolysis comprises two main chemical steps: enzyme acylation (Step 1; A=>C in
Scheme 3.2) and enzyme deacylation (Step 2; D->F in Scheme 3.2). During the acylation reaction, the
neutral form of Lys142 activates the Ser241 nucleophile via proton transfers that involve Ser217 (A).
The activated Ser241 attacks the anandamide carbonyl group, leading to the formation of a
tetrahedral intermediate (B). At this point, a reversed proton transfer, from Lys142 through Ser217,
leads to the protonation of the leaving group (i.e., ethanolamine 72), thus obtaining the acyl-enzyme
adduct (C). The deacylation reaction takes place upon exit of the ethanolamine 72 leaving group from
the catalytic site. During the deacylation reaction, in fact, a water molecule acts as a nucleophilic

agent, attacking the carbonyl group of the acyl-enzyme adduct. The restoration of the initial
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protonation state and ordered H-bond network of the catalytic triad terminates the catalytic loop,

with the catalyst FAAH ready for a new cycle.!****?

A ?er241 B Ser24\1 : C ?er241
_0 \O o CioH3p
H \‘ Ser 03] CigH3y \n/
Ser /‘ Ox~C19Ha1 217>0 Seryrs~ acyl
217\? Y | NH (I) O enzyme
H NH H j H NH,
o — = ) —
H\ _H o H\N,H H H
SN” HO
Lys Lys, 5~ + -
y 142 Anandamide Y5142 Lysl42 Ethanolamine
29 72
Anandamlde
— = Arachidonic acid . H,0 Ethanglzamine
71 Step 2: Deacylation
F | Ser E Sery D V* ?er241
6 “ 0 C.oH O\H/C19H31
Sery 9 - L1931 Ho
CI) H Ser217\o/ H (IJ>£O_ (IJ - enazcyynlwe
H H Ser
OYC19H31 21750 A
- H - [
Ho _H OH H-H H H
Lys, 45 Arachidonic acid Lys145” + ~
YS147 rac |701n|c aci 14 Ly5142/ H

Scheme 3.2. The catalytic reaction has two main steps: formation of the acyl-enzyme complex (Acylation or Step
1-top), and subsequent deacylation through a H,O molecule that enters into the catalytic cycle (Deacylation or Step 2-

bottom).

3.3.2. Regulation of FAAH activity

By inhibiting the main endocannabinoid hydrolysing enzyme FAAH the effect of
endocannabinoids could be enhanced and more selective therapeutic effects achieved.™" The

increase of concentration of endocannabinoids in the extracellular space (29, 66) can lead to several

116 117,118

beneficial therapeutic effects” such as alleviation of pain and anxiety,"” reduction of

21 Thus the inhibition of this enzyme is of

intraocular pressure,’® as well as increase of appetite.
great interest to medicinal chemists nowadays. The development of FAAH inhibitors that raise their
endogenous levels and sustain their duration of action by blocking their hydrolysis, has emerged as
an approach that may avoid the undesired side effects of a conventional cell surface receptor
agonist. Since FAAH inhibition only potentiates an activated signalling pathway, increasing the

endogenous levels of the released lipid signalling molecules at their sites of action, it provides a

temporal and spatial pharmacological control not available to a classical blunt force receptor agonist.
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3.3.2.1. Anandamide as TRPV1 ligand

It was a breakthrough for vanilloid field when anandamide 29 itself was shown to be an
activator of TRPV1 in vitro. Anandamide 29 metabolism plays an important role in the regulation of in
vivo anandamide 29 concentrations. The inhibition of anandamide 29 breakdown may result in high-
enough anandamide 29 concentrations to activate TRPV1 receptor. The efficacy of anandamide 29 as
a TRPV1 agonist is influenced by a succession of factors including receptor reserve, phosphorylation,
metabolism and uptake, CB1 receptor activation, voltage, temperature, pH and bovine serum
albumin. Anandamide 29 may be synthetized and released in significant quantities, potentially
sufficient to activate TRPV1 (0.5-10 uM). The affinity of anandamide 29 for TRPV1 binding seems to
be similar or about fivefold weaker than capsaicin 28. An important consequence of these data is
that, to activate TRPV1, anandamide 29 must be present in relatively high concentrations.
Accordingly, anandamide 29 is a partial activator of TRPV1 when the receptor expression is low,
while it is a full agonist when receptor expression is high. Inhibition of FAAH enzyme leads to an
increment of the anandamide 29 concentration inside of the neuron, which can interact with the
cannabinoid receptors CB1 and CB2 and TRPV1. Low concentrations of anandamide 29 usually evoke
analgesia by activating CB1 and by decreasing TRPV1 responsiveness (Figure 3.16).

neuropathic pain analgesic effect

o CB-1 CB-1
TRPVI'\Qihwi 'rRPv1i"‘%i.
- CB-2 o CB-2
Whes o _— s —
. & . *x s
L . - 4 4 ‘. F.'Az\'H ’,Inhlhllﬂr
. "o,
. =
T oo o, ", e T
L] arachidonic acid ° s arachidonic acid
00000405 O o0 e @
Q, e cthanolamine o ethanolamine
spinal cord e ®°® o4 spinal cord .

Figure 3.16. Schematic of the manipulation of spinal anandamide 29 levels. (a) The effects of anandamide 29 are
mediated through the activation of cannabinoid CB1, CB2 receptors. (b) The presence of a FAAH inhibitor increases 29

levels, as a result TRPV1 receptor is activated (modified).122

142



Synthesis of New Long Chain N-Vanillyl Acylamides (LCNVAs) with biological response in pain receptors

3.3.2.2. FAAH inhibitors

A considerable body of research has demonstrated that pharmacological blockade of FAAH
reduces nociceptive and hyperalgesic behaviour in a wide range of acute, inflammatory, and

| 123

neuropathic pain mode A popular and logical approach to FAAH inhibition is the modification of

substrates to create inhibitors (Figure 3.17).

I_|O\<j\NH HNj\N RN

AM404 73 0-1987 74

Figure 3.17. Structures of AM404 73 and 0-1987 74 FAAH inhibitors.

Early work in this area identified a number of FAAH inhibitors including AA-5-HT 33,"** N-
arachidonoylaminophenol (AM404, 73),">"*® and arvanil 52."* In 2001 Di Marzo reported a SAR
study on arvanil 52 (1C5,=32.0 uM) looking at a combination of TRPV1 and CB1 agonism, anandamide
29 transport, and FAAH inhibition."”® The urea analogue 74 (0-1987) was the most potent FAAH

inhibitor of these analogues (IC5p=2.0£0.4 pM).*?

Intravenous administration of 74 to mice produced
effects in all of the typical cannabinoid tetrad tests: decreased spontaneous activity, decreased rectal
temperature, and antinociception in the tail flick test. However, the lack of selectivity in these

molecules makes it difficult to verify that the observed pharmacology is a result of FAAH inhibition.
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3.4. OBJECTIVE

To take advantage of the experience gained in the synthetic modification of ricinoleic 1a and
lesquerolic 12a acids, a new objective was envisage. As discussed previously, there is a critical need
for effective new pharmacotherapies for pain. The challenge of designing receptor-selective
compounds that preserve the physiological activity of TRPV1 as well as the design of new inhibitors
of FAAH is still open. The preparation of new compounds that allows the development of SAR
databases to gain insight on their mechanism of action and the determinants of activity are essential
for the development of new TRPV1-based and FAAH-based analgesic leads. Consequently, the main
objective of this chapter was the design and synthesis of a set of new long chain vanillyl acylamides
(LCNVAs) introducing modifications at the lipophilic region of the capsaicin. These modifications were
carried out through of chemical transformations over the homoallyl hydroxy moiety of the ricinoleic

1a and lesquerolic 12a acids.
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3.5. RESULTS AND DISCUSSION

This section describes the different procedures employed to synthesise new long chain N-
vanillyl acylamides derived from ricinoleic 1a and lesquerolic acid 12a, which were designed on the

basis of bibliographical SAR studies (Figure 3.18).
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Lesquerolic acid derivatives
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Figure 3.18. Target molecules derived from ricinoleic 1a and lesquerolic 12a acid planned to synthetize.

3.5.1. Synthesis of vanillylamine

Since the objective of this work is the preparation of new capsaicin-like fatty acid derivatives,
it is obvious that the first step was to carry out the synthesis of the aromatic part for later, to
perform the amidation with the different carboxylic acids to yield the derivatives with the

vanillylamine moiety.

Nelson prepared vanillyl oxime 98 by heating vanillin 97 with hydroxylamine. The resultant
oxime was reduced with sodium amalgam to generate the amine, which was isolated as the
hydrochloride salt 99.®” Ganett assayed palladium and platinum to catalyse the reduction reaction.'”
PtO, led to partial over-reduction whereas palladium over carbon provided the vanillylamine
hydrochloride 99."* This last method was carried out in this thesis. The synthesis of oxime 49 was
performed by adding hydroxylamine hydrochloride (1.03 equiv.) to an aqueous solution of vanillin 97
at 80 °C, using NaAc (1 equiv.) as a base. The corresponding oxime 98 was achieved (97%).
Vanillylamine 99 was prepared by direct hydrogenation of the oxime 98 using 10% loading Pd/C. The
reaction was carried out in EtOH under acidic conditions. H, was used at atmospheric pressure to
avoid over-reduction of the aromatics and finally, vanillylamine hydrochloride 99 was obtained (74%

yield) (Scheme 3.3).

0] CHO 0] OH Hylatm 0]
- D/ NH,OH-HCI - DAN 102% Pd/C -~ D/\NHzHC]
—_— —_ >
HO H,0/NaAc HO EtOH, 37% HCI HO

80°C,2 h rt,24 h
97% 74%
97 98 99

Scheme 3.3. Synthesis of vanillylamine hydrochloride 99.
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3.5.2. Preliminary attempts to amide bond formation

Amide bonds are found ubiquitously in natural or synthetic molecules of biologic interest.
Since the early days of synthetic organic chemistry, methods for the formation of amides have been
described. Methods range from the rather straightforward use of acyl halides, anhydrides, and
carbodiimides, to the more elaborate as enzyme-catalysed methods. As stated in the Introduction,
the benzylamidic region of capsaicinoids is very important in terms of TRPV1 potency. Despite the
pharmacological relevance of vanillamides, there is still a need for a simple and mild method to
prepare these compounds, especially in a single step and with an easy isolation procedure. The most
suitable method for preparation of capsaicinoids is by selective acylation of vanillylamine 99 with acyl
chloride. The major problem is the chemoselectivity of this acylation. Moreover, vanillylamine 99 is
poorly soluble in anhydrous systems, and acyl chloride is easily hydrolysed when water is present, so
it is very difficult to achieve a satisfactory yield. The first analogues of capsaicin, vanillylamides of
saturated C2—C12 fatty acids and 10-undecylenic acid, were synthesised by acylation of vanillylamine
99 with acyl chlorides or acid anhydrides in dry ether.®® Although 2 equiv. of vanillylamine 99 were
used, the yields ranged 44 to 83%. Acylation under Schotten-Baumann conditions showed excellent
selectivity for N- versus O-acylation. However, the activation of the acid as a chloride is required, and
formation of emulsions can take place with long-chain acids. Janusz et al."*' proposed using an
aqueous soda solution vanillylamine HCI 99 to avoid the presence of an excess of vanillylamine,
although the yields ranged 27 to 69% for DMF, THF or ether as co-solvents. Furthermore, while
formation of acyl chlorides is a routine operation for simple unfunctionalized acids, carefully
controlled conditions are required with polyunsaturated acids, and protection on the hydroxy group

is necessary in hydroxy fatty acids. Perreux et al."*

studied the effect of the microwave activation in
the ester aminolysis in a free-solvent media. They concluded that different esters and amines in
presence of potassium tert-butoxide led to the corresponding amides under microwave heating. This
approach was attempted using methyl ricinoleate 10a and vanillylamine 99 to evaluate the effect of
the microwave heating in the synthesis of new LCNVAs. After 1 h in a microwave oven at 150 °C and

with tert-BuOK as a base, only starting material was obtained. This approach was discarded (Scheme

3.4).
OH
OH B
: -0 J\M/W
HH
tert-BuOK HO
Oa MW 150 °C, 1 h 54

Scheme 3.4. Microwave-mediated synthesis of 54.
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In reference to the enzyme-catalysed synthesis, Kobata et al.*

reported the enzymatic
synthesis of capsaicin analogues by reaction of vanillylamine HCI 99 with fatty acid methyl esters, but
only 8-28% yield was achieved. Later, some studies reported the acylase- or lipase-catalysed

134135 These last conditions were tested in order to

synthesis of capsaicins with higher vyields.
synthetize the corresponding first compound planned 75. 75 was envisaged based on two reasons:
first, its structure has an a,B-unsaturated ketone which is also presented in shogaols (compounds
presents in ginger and active in TRPV1, Figure 3.19) and second, a,B-unsaturated carbonyl
compounds can be transformed in several compounds because of their reactivity. Vanillylamine
hydrochloride 99 (1 equiv.) was treated with DIPEA (18 equiv.) and Novozym 435® (10 mg/ml) was

added. Finally, a solution of 1d (1 equiv.) in 2-methyl-2-butanol was added and the reaction was

carried out under stirring at 55 °C for 80 h. The reaction did not result in the desired product

(Scheme 3.5).
NH,-HCl >_ NH, >_
HO + >7N _— HO + >7N -HCl
O ) o< )
99 DIPEA Vanillylamine Novozym 435°

id 55°C, 80 h

0] (0]
H 8 5
HO
75
Scheme 3.5. Enzymatic synthesis of compound 75.
In view of the direct amidation did not give us any result, we decided to use coupling agents

in order to activate the carboxylic acid. This reaction is described in the following section since it was

the chosen approach to synthesize the proposed molecules.
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3.5.3. Synthesis of N-vanillyl acylamides of ricinoleic acid-related compounds

3.5.3.1. Oxidized and isomerized amides

e (E)-N-(4-Hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide

Recently, numerous coupling reagents have been described including those based on
phosphonium salts, uronium (iminium) salts, preformed anhydrides, active esters and acid chlorides
and fluorides. In situ activation with carbodiimide condensing agents (DCC, EDCI) requires protection
of the phenolic hydroxyl of vanillamine> because the discrimination between the amino group and
the phenolic hydroxyl is poor. N,O0-Diacyl derivatives formed in the reaction can be selectively O-
deacylated with pyrrolidine,® but this strategy is untenable with expensive acids, with one full
equivalent being wasted, and problems can arise with base-labile functionalities. Protection of
vanillamine is also necessary when the acid is activated ex situ as a hydroxysuccinimide derivative or

as a mixed anhydride.

Couplings with aminium/uronium salts in the presence of base have proved to be more
effective than those carried out with phosphonium reagents or carbodiimides in the presence of
hydroxylamine derivatives. HATU (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
blpyridinium 3-oxide hexafluorophosphate) is a reagent used in peptide coupling chemistry to
generate an active ester from a carboxylic acid. HATU in presence of Hinig's base (N,N-
diisopropylethylamine, DIPEA) allows the formation of amide bonds. HATU has been proven to be
very efficient in difficult sterically hindered condensations and usually gives a low level of

racemisation.***’

It involves the formation of 7-azabenzotriazol-1-yl esters, very highly reactive
species towards amines, probably because of intramolecular general base catalysis. In the first step,
the carboxylate anion (formed by DIPEA deprotonation of the carboxylic acid) reacts with HATU to
form the unstable O-acyl(tetramethyl)isouronium salt (OAt salt). The OAt anion rapidly reacts with
the isouronium salt, affording the OAt-active ester and liberating a stoichiometric quantity of
tetramethylurea. The addition of a nucleophile, as an amine, to the OAt-active ester yields the
corresponding amide. The high coupling efficiencies and fast reaction rates associated with HATU
coupling are thought to arise from a neighbouring group effect brought about by the pyridine

nitrogen atom, which stabilises the incoming amine through a hydrogen-bonded 7-membered cyclic

transition state (Scheme 3.6).
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Scheme 3.6. Mechanism of amide formation mediated by HATU.

The synthesis of the desired amide 75 started with the enzymatic hydrolysis of methyl (E)-12-
oxo-10-octadeneoate 10d using Novozym 435® as catalyst to yield the carboxylic acid 1d
guantitatively, which was used without any further purification. The corresponding acid 1d was
mixed with the vanillylamine 99 (1.1 equiv.), HATU (1.5 equiv.) and DIPEA (3 equiv.) in anhydrous
DMEF. Finally, the reaction mixture was washed with sat. NaCl, 1 M HCl and sat. NaHCOs. The crude
reaction mixture was purified by column chromatography vyielding the (E)-N-(4-hydroxy-3-

methoxybenzyl)-12-oxooctadec-10-enamide 75 (60% yield) (Scheme 3.7).

0 0 Novozym 435°® 0 0
Sotprs Ay e oSy
0 8 5 HZO/tert—BuOH 1:4 HO 8 5
10d 45°C, 24 h 1d
quant.
HATU, DIPEA
Anh. DMF
99 rt, 24 h
60%
0] 0]
/Oj@/\NJLM/\/U\M/
H 8 5
HO
75

Scheme 3.7. Synthesis of compound 75.
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e  (E)-N-(4-Hydroxy-3-methoxybenzyl)-9,12-dioxooctadec-10-enamide

Ginger (Zingiber officinale Roscoe) has a characteristic flavor and pungency and is used
worldwide. It has a variety of biological effects such as analgesia, antiinflammatory effects,

antiplatelet effects, antipyretic effects, and antioxidation.”***!

The components of Ginger mainly
comprise [6]-, [8]- and [10]-gingerols, [6]-, [8]- and [10]-shogaols and zingerone (100-106)."****
Other compounds include [6]-, [8]- and [10]-gingerdiols, [6]- and [10]-gingerdiones, etc. in less

quantity (107-111) (Figure 3.19).

0] OH (0] 0
- - ~ /OW
n n
HO HO HO
100: n=4 [6]-gingerol 103: n=4 [6]-shogaol 106: zingerone
101: n=6 [8]-gingerol 104: n=6 [8]-shogaol
102: n=8 [10]-gingerol 105: n=8 [10]-shogaol
OH OH 0 0
g /OW
n n
HO HO
107: n=4 [6]-gingerdiol 110: n=4 [6]-gingerdione
108: n=6 [8]-gingerdiol 111:n=8 [10]-gingerdione

109: n=8 [10]-gingerdiol

Figure 3.19. Ginger pungent constituents.

[6,8,10]-Shogaols 103-105 can increase the intracellular calcium concentration in TRPV1-
expresing HEK293 cells through TRPV1."** Shogaols appear to be more potent than gingerols, and

% 1n view of

most of the compounds cause aversive or nociceptive responses mediated by TRPV1.
this background, we decided to synthetize an a,B-unsaturated diketone 76 in order to evaluate if the
increment of conjugation affects to activity. The treatment of methyl (E)-12-oxooctadec-10-enoate
10d with CrO; in excess (19 equiv.) led to the methyl (E)-9,12-dioxooctadec-10-enoate 112 in a good
yield after purification by column chromatography (61%). The enzymatic hydrolysis of this compound
with Novozym 435® and posterior HATU-mediated coupling with the vanillyl amine 99 gave the
corresponding (E)-N-(4-hydroxy-3-methoxybenzyl)-9,12-dioxooctadec-10-enamide 76 (57% yield)

(Scheme 3.8).
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0] 0] 0] 0]
CrO,/pyridine
8 5 DCM 7 5
rt,3h (0]
10d 61% 112
Novozym 4359 Hze/tert—BuOH 1:4
45°C, 24 h
15% w/w
quant.
)LMJ\/\WHS\ HO”
HATU DIPEA
Anh. DMF
rt,24 h

57%

Scheme 3.8. Synthetic route to compound 76.
e (R,E)-N-(4-Hydroxy-3-methoxybenzyl)-12-hydroxyoctadec-9-enamide

As stated at the beginning of this chapter, rinvanil 54 was the first compound comparable in
efficacy with olvanil 51 (EC5,=8.5 nM). It was synthesized by Appendino et al.”* by amidation of
ricinoleic acid 1a with vanillyl amine 99. Despite configuration of double bond of capsaicin 28 does
not seem relevant for receptor interaction;'*> we wanted to inquire if, in the case of ricinoleic acid
13, the configuration of double bond is crucial for the efficacy. Hence, to synthetize the E-analogue of
the ricinoleic acid or ricinelaidic acid 2, we had to carry out an isomerization of the double bond
under irradiation. The isomerization protocol was based on the work published by Thalmann et al.**
that used the diphenyl disulphide (2%) and Philips HP(L) 400-W medium-pressure mercury lamp.
After 3 h under irradiation, methyl ricinelaidate 114 was obtained pure after several recrystallizations
a low temperature (37% yield). The methyl ester was hydrolysed under basic conditions and the
corresponding ricinelaidic acid 2 was treated with vanillyl amine 99 and HATU to give the (R,E)-N-(4-
hydroxy-3-methoxybenzyl)-12-hydroxyoctadec-9-enamide 77 (34%) (Scheme 3.9).
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OH 0
< PhS SPh N w
5 O 7 5
MPMVL 400 W
isooctane, 3 h OH
10a 37%

THF/H,0 1:1
LIOH-H,0 [rt, 20 h
78%

HATU DIPEA 7
Anh. DMF
rt, 24 h 2
34%

SO

Scheme 3.9. Synthesis of compound 77.
e (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-9-enamide

Additionally, the compound 114 was oxidized by treatment with CrO; (6 equiv.) to obtain the
trans ketone 10c which was enzymatically hydrolysed and subsequently coupled with the vanillyl
amine 99 to achieve the (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-9-enamide 78 after

purification by liquid column chromatography (17% yield) (Scheme 3.10).

0]
)LW\/\rW S \ow
7 5
0]

rt, 3 h
49%

Novozym 435°® H,O/tert-BuOH 1:4

45°C,24 h
15% w/w 39%
(0]
/O HO X
<— 7 5
HATU, DIPEA
HO Anh. DMF o)
78 rt,24 h 1c

17%

Scheme 3.10. Synthesis of compound 78.
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3.5.3.2. 1,4-Ketosubstituted amides

e  N-(4-Hydroxy-3-methoxybenzyl)-10-hydroxy-12-oxooctadecanamide

In 2002, some studies reported that some gingerols (100 and 101) activated TRPV1 receptor
with a lower potency than capsaicin 28."**® With this background we decided to synthetized the N-
vanillyl acyl B-hydroxyketone 79. Methyl (E)-12-oxo-10-octadeneoate 10d was treated with
bis(pinacolato)diboron (1.2 equiv.), tri-n-butylphosphine (0.11 equiv.) and copper chloride (0.11
equiv.) to generate the boron intermediate 115 after purification by liquid column
chromatography.** This product was immediately hydrolysed enzymatically using Novozym 435° to
obtain the corresponding carboxylic acid 116 (quant.). The HATU-mediated coupling with the vanillyl
amine 99 gave the amide 117 (54% yield), which was finally treated with 30% hydrogen peroxide and
5% NaHCOs to lead to the racemic mixture of the B-hydroxyketone 79 (76% yield) (Scheme 3.11).

0 0 O BpinO
2 oA
\O/U\(\/);\)L(\/)S/ CuCl, P(n-Bu) \O 8 5
, 3
Anh. DMF
10d rt, 48 h 115

46%
Novozym 435® | H,O/tert-BuOH 1:4
15% w/w | 45°C,24h

quant.
0] X 0] 0] Bpin O
o /U\(\/)J\/U\(\X 99
H 8 5 HATU, DIPEA
Anh. DMF
HO rt, 24 h 116
. 54%
30% H,0,, 5% NaHCO, 117: X=Bpin
rt,24 h
76% > 79: X=OH

Scheme 3.11. Synthesis of compound 79.
e  N-(4-Hydroxy-3-methoxybenzyl)-10-methoxy-12-oxooctadecanamide

As it was explained before, some evidences suggest the existence of a second apolar pocket
in the TRPV1 receptor. This cleft accommodates the acyl residue of LCNVAs and does not establish
hydrogen bonds with polar groups.” In order to corroborate the existence of this second pocket, the
synthesis of a B-alkoxyketone analogue to 79 was planned. Oxa-Michael reactions (alkoxylation)
normally only require catalytic amounts of a strong base or a Lewis acid to activate either the
nucleophile or the acceptor center. With most weak nucleophiles as alcohols, oxa-Michael additions

are far difficult. In 2003, Spencer et al.**® developed an universal method for acid-catalyzed oxa-

154



Synthesis of New Long Chain N-Vanillyl Acylamides (LCNVAs) with biological response in pain receptors

Michael additions. They hypothesized that activation of Michael acceptors by protonation of the
carbonyl group (pK, ca. -5 for a,B-unsaturated ketones) should be feasible in the presence of weakly
basic nucleophiles, with levelling effects limiting efficiency for more basic Michael donors. Brgnsted
acid catalysts such as triflic acid or trifluoromethanesulphonic acid gave rapid conversions.
Accordingly, (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 was treated with
trifluoromethanesulphonic acid (0.1 equiv.) at room temperature for 24 h obtaining the PB-

methoxyketone 80 (18% yield) (Scheme 3.12).

0 0 0] 0] 0]
HO MeOH HO
75 rt, 24 h 80

18%

Scheme 3.12. Synthesis of compound 80.

e 10-[4-(2-Bromoethyl)-1H-1,2,3-triazol-1-yl]-N-(4-hydroxy-3-methoxybenzyl)-12-

oxooctadecanamide

The 1,2,3-triazole ring features a combination of H-bond donor and acceptor sites capable of

151
d.

mimicking the hydrogen bonding acidity and basicity of a peptide bon There are studies that

demonstrate that 1,2,3-triazole ring are potentially bioequivalent to an amide bond.™?

Appendino et
al.>® showed that the presence of a triazole ring on the alkyl chain resulted a agonist behaviour at
TRPV1 receptor. Thus, we planned the synthesis of a B-triazoleketone derivative. The general method
for the preparation of triazoles is based on Copper-catalyzed azide—alkyne cycloaddition (CuAAC).

1 . .
>* It transforms organic azides and

This process emerged as the first example of click chemistry.
terminal alkynes exclusively into the corresponding 1,4-disubstituted 1,2,3-triazoles, in contrast to
the uncatalyzed reaction, which requires much higher temperatures and provides mixtures of 1,4-
and 1,5-triazole regioisomers. In regard to our case, the first step is the introduction of the azide
group in the B-position from the ketone. Sodium azide (8 equiv.) and glacial acetic acid (54 equiv.)
were added to a solution of 75 in THF/H,0O 2:1. After 24 h at room temperature and without any
purification the B-azidoketone 118 was obtained as a racemic mixture (quant.). Then, we proceeded
to carry out the copper-catalyzed azide—alkyne cycloaddition. We observed that when the solvent
used was methanol the reaction did not work. However, when tert-butanol was used instead of

methanol, the solubility of the starting material 118 improved and the triazole was synthetized.

Compound 118 was treated with 1-bromo-3-butin (1 equiv.) in presence of CuSO,5H,0 (0.001
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equiv.) and sodium ascorbate (reducing agent, 0.01 equiv.). After 100 h at room temperature the

compound 81 was obtained as a racemic mixture (16% yield) (Scheme 3.13).

0 0

0 Ao~Ar JLM)\/lLM/
- D/\” 8\ S NN, :@/\
HO

CH ;COOH
THF/H 02:1
rt, 24 h
quant. CuS0,-5H,0, NaAscorbate
| tert-BuOH/H,0 1:1
Br N |t 100h

16%

Br.

N

/N

) N 0]
o JLM)\/U\M/
HO

Scheme 3.13. Synthesis of the B-triazolketone 81.

e B-Thioketones derivatives

In 2012, Sang et al.">> demonstrated that [6]-shogaol 103 is extensively metabolized in mice
and in cancer cells in thirteen metabolites. Among these metabolites, derivatives with a sulphur
atom directly attached to the aliphatic chain were found (Figure 3.20). It was proved that a,B-
unsaturated keto group of [6]-shogaol 103 was a good substrate for thiol conjugation through the

mercapturic acid pathway.

0 0
HoN HoN
’ OH 2 OH

OH S 0 s

HO 119 HO 120
OH s~ o s~

HO HO
121 122

Figure 3.20. Structures of some thiol-conjugated metabolites from [6]-shogaol 103.
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Based on the aforementioned structures, we designed a small library of compounds that
include structural similarity in the side-chain of the N-vanillyl amide, in order to obtain SAR
information. We chose thioglycolic and 3-mercaptopropionic acid to evaluate the presence of a
sulphur atom in the B-position respecting the ketone group and the effect of the length of the
substituent in the activity. Michael reaction of (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-
10-enamide 75 was carried out using thioglycolic or 3-mercaptopropionic acid (3 equiv.) in presence
of solid NaHCO; (0.04 equiv.). After 20 h at 70 °C the corresponding B-thioketones 82 and 83 were
obtained (58% yield) (Scheme 3.14).

Hs”~COOH R
0] 0] or 0 S 0]
0] JM/ HS COOH (0] /I‘M/
et sl e b
H - > H
NaHCO,
HO 75 MeOH/H,0 1:1 HO
70°C,20h 82: R=CH,COOH
58% 83: R=(CH,),CO0H

Scheme 3.14. Synthesis of B-thioketones 82 and 83.

Because the TRPV1 is a multimeric receptor,® we decided to introduce another vanillylamine
99 to test if double vanillamides could improve the activity in the TRPV1 receptor. Hence, the
synthesis of the new amides 82 and 83 was attempted using the general procedure of HATU-
mediated coupling above described. Each of the compounds 82 and 83 were separately treated with
vanillylamine 99 (1.1 equiv.), HATU (1.5 equiv.) and DIPEA (3 equiv.). After 24 h at room temperature
the diamides 84 and 85 were isolated (both 54% yield) (Scheme 3.15).

HO
H
~o N\Eo
(0] S 0O
0 JLM)\/”\M/
HO 84

—

0O S (0]
0 NJLM)\/”\M/ _® |
D/\H 8 5 HATU, DIPEA

(0]
Anh. DMF (0]
HO rt,24 h - H
82: R=CH,COOH 54% HO o s o
83: R=(CH,),COO0H > JL(\,)/K/U\(\,)/
/O
N

Scheme 3.15. Synthesis of compounds 84 and 85.
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3.5.3.3. Side-chain conformational constrained amides

In 2002, Appendino et al.’* designed a serie of N-vanillyl acylamides cyclopropanated with
the aim of dissecting the conformational and polar contributions of unsaturations to the activity.
Cyclopropanation of olvanil 51 and other monounsaturated vanillamides led to increase efficacy,
suggesting that the double bond essentially has a conformational effect, preorganizing the long chain
for bonding. Later, Appendino and Di Marzo, demonstrated that a triazole ring (flat bivalent element)

could also mimic the conformational constraint imposed on alkyl chains by a double bound.**

In the
attempt to investigate the influence of conformational effect of the alkyl chain, a family of new

olefin-bioisosteres derivatives was designed.
e Pyrazole derivatives

The pyrazole ring is an important central template for a wide variety of biologically active
compounds including anti-inflamatory.™® a,B-Unsaturated ketones have been widely used in organic
synthesis for the production of heterocyclic compounds such as pyrazole derivatives. The reaction of
o,B-unsaturated aldehydes and ketones with different types of hydrazines followed by oxidation is
one of the most used and easy methods. Thus, we decided to synthetized a small library of LCNVAs
derivate from ricinoleic acid 1a with a pyrazole moiety in the alkyl chain to evaluate the effect of the
substituent and the effect of the conformational constraint of the ring. First, we attempted the
synthesis of the simplest pyrazole (no substituents). The protection of the phenol group was
necessary because it could be also oxidized during the ring aromatization. (E)-N-(4-Hydroxy-3-
methoxybenzyl)-12-oxooctadec-10-enamide 75 (1 equiv.) was treated with tert-butyldimethylsilane
chloride (2 equiv.) in presence of DMAP (1.7 equiv.) and TEA (6 equiv.). After 24 h at room
temperature and isolation by liquid column chromatography the compound 123 was obtained (85%

yield) (Scheme 3.16).

DMAP TEA
DCM TBDMSO

rt, 24 h
85%

Scheme 3.16. Synthesis of compound 123.

The next step was the reaction of compound 123 with hydrazine monohydrate (6 equiv.)
under nitrogen atmosphere at reflux for 3 h in an alcoholic media. After removing the solvent, the

corresponding dihydropyrazole 124 was immediately oxidized in presence of DDQ (1 equiv.) under
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reflux conditions. Unfortunately, after several attempts, the pyrazole 125 was not achieved with

enough purity and this synthetic route was discarded (Scheme 3.17).

0] HN——T

D/\ J\(\,)/\/U\M/ NH NHH,0 /Oj@/\mw
TBDMSO B

reflux, 3 h TBDMSO 124
85%
Anh. Dioxane
DDQ% reflux, 16 h
O HN—-N O HN—-N

' LG
(0] /U\(\,)W 0
7~ N s X 5 Deprotection - N 8 N 5
H <oenoe- H
HO TBDMSO

Scheme 3.17. Synthetic route attempted.

Considering the purification problems described above, we decided to start with the
synthesis of the next pyrazole derivative, the 9-(3-hexyl-1-methyl-1H-pyrazol-5-yl)-N-(4-hydroxy-3-
methoxybenzyl)nonanamide 86. The synthesis started from the methyl ester enone 10d. This
approach could not be used for the previous derivative because methyl esters react with hydrazine
monohydrate yielding hydrazides.”’ Methyl-(E)-12-oxo10-octadecenoate 10d was treated with
methyl hydrazine (8 equiv.) under nitrogen atmosphere at reflux for 20 h The methyldihydropyrazole
126 was purified by liquid column chromatography just after the reaction ended and used in the next
step (45% vyield). The oxidation of compound 126 with DDQ using the above conditions gave pure
methyl  9-(3-hexyl-1-methyl-1H-pyrazol-5-yl)nonanoate 127, after purification by column
chromatography (44% yield). The alkaline hydrolysis of the methyl ester 127 led to the carboxylic acid
128 in an excellent yield (94%), which was amidated with the vanillylamine 99 by HATU-mediated

coupling conditions yielding the amide of the methylpyrazole 86 (62%) (Scheme 3.18).
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Scheme 3.18. Synthetic route to compound 86.

The pyrazole ring can be obtained by condensation of an a,B-unsaturated carbonyl
compound with hydrazines under air atmosphere.®® It is important to remark that as the reaction
occurs at 80 °C in an open vessel, the boiling point of the hydrazine used must be higher than the
boiling point of solvent. Otherwise, the hydrazine would be lost. Phenylhydrazine has a higher boiling
point than methylhydrazine (243 vs 87 °C), which is very close to the reaction temperature. Hence,
the synthesis of the phenylpyrazole 87 was easier because we were able to perform an one pot
reaction whereas this synthetic route was not able to be applied for compound 86. (E)-N-(4-Hydroxy-
3-methoxybenzyl)-12-oxooctadec-10-enamide 75 was treated with phenylhydrazine (4 equiv.) in
presence of glacial acetic acid (35 equiv.) heating at 80 °C in an open vessel to lead the
phenylpyrazole compound 87 after purification by liquid column chromatography (21%) (Scheme

3.19).

Ph_
(0] (0] (0] N_IN
/OD/\NJ\M:\/U\M: NH,NH-Ph /OD/\N/U\(V)J\/HV)/
H _— H 8 5
CH,COOH
HO Tosluene HO
75 80°C,20 h 87

20%

Scheme 3.19. Synthesis of compound 87.
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e [soxazole derivative

Isoxazoles are a large group of heterocyclic compounds that display interesting medicinal,
agricultural and some other industrial utilities. Isoxazoles possess important biological activities, such
as anti-inflammatory, antimicrobial, anticancer, and antinociceptive activities. In 2011 and after an
HTS campaign, Palin et al."*° identified a series of isoxazole-3-carboxamide derivatives with moderate
potency at TRPV1. The introduction of an isoxazole ring led to an improving of oral bioavailability and
in vivo efficacy of the TRPV1 antagonists. In view of these results, we decided to synthetize a LCNVA
based on the isoxazole ring and evaluate its effect at TRPV1 receptor and FAAH enzyme. In 1888,
Claisen described the first general synthesis of isoxazoles.'®® The process involved the reaction of B-
diketones with hydroxylamine followed by the cyclization-dehydration of the intermediate oxime

(Scheme 3.20).

" R " R R R! R
o _NHOH \,\{ — = HOQ_\f\I /z_\<
; OH o ; RN

H,0

R
H,0 R 6]
Scheme 3.20. Claisen’s mechanism for the formation of isoxazole rings.

Thus, the first step of the synthesis was the preparation of the starting material, the B-
diketone. The preparation has been effected usually by condensation reactions of carbonyl
compounds under such strongly basic or acidic conditions that cause serious side reactions. However,
in recent years new catalytic methods have been developed. One of the most used is the oxidation of
a,B-unsaturated carbonyl catalysed by palladium using a peroxide as oxidizing agent.'®* Accordingly,
methyl 12-oxo-10-octadecenoate 10d was treated with Na,PdCl, (0.1 equiv.) and 70% tert-
butylhydroperoxide (2 equiv.). After 24 h at 50 °C and subsequent purification by liquid column

chromatography, the B-diketone 129 was obtained as a mixture of tautomers (74% vyield) (Scheme

3.21).
0 0 "o
So Sy J\MJ\)\M/ )Lw”\/”\(vr
o 8 5 70% tert-BuOOH
IPA/H 011
10d 50°C, 24 h 129

74%

Scheme 3.21. Synthesis of the B-diketone 129.
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The B-diketones are principally in the enol form and the "inert" solvents favour this form,
since the internally hydrogen-bonded enol molecule is less polar than the keto molecule. In polar

solvents the fraction of keto molecules increases.*®

The electrostatic repulsion between carbonyl
groups of the keto form is reduced in a polar solvent. Also, the solvation energy of keto molecules is
presumably greater than for enol molecules in polar solvents and the solubility of the keto tautomer
is greater in these solvents; hence, one might expect the equilibrium to shift toward the keto
tautomer on dilution in polar solvents. The reaction of B-diketone 129 in pyridine (polar solvent) with
hydroxylamine hydrochloride (1.9 equiv.) followed by a dehydration mediated by p-toluenesulphonic
acid (1 equiv.) gave the isoxazole 130 as a mixture of isomers (36%) which could be differentiated by

13C NMR. The alkaline hydrolysis of the methyl esters 130 and the posterior amide coupling with the

vanillylamine 99 mediated by HATU led to the compound 88 as a mixture of isomers (43% vyield)

(Scheme 3.22).
0 O—N
~o S A
O O O o s s
NH,OH-HCl p-TsOH
\O)L(\/)/U\/U\(\/)/ —_— +
8 5 Pyridine Toluene
129 rt, 24 h 60°C, 1.5 h 0] N—O
RN 4
8 5
130
THF/H,0 1:1
LIOH-H,0 | rt, 20 h
83%
0 O—N
D/\H ) 5 HOJM/
HO 8 5
+ %9 +
HATU, DIPEA
o N—O Anh. DMF 0 N—O
) 1,24 h / P
/O NJW(V)/ 43% HO 8 5
HO 88 131

Scheme 3.22. Synthesis of isoxazole 88.
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e 8-(5-Hexylfuran-2-yl)-N-(4-hydroxy-3-methoxybenzyl)octanamide

Furans are 5-membered planar ring that have important feature of a variety of medicinal
agents. During the last few decades a considerable attention has been put on the synthesis of furan
derivatives and their pharmacological activities. The furan ring system is the basic skeleton of
numerous compounds possessing biological activities such as cardiovascular, antibacterial, antiviral,
analgesic, antifungal, etc.”®® In 2011, Abe et al.*®** isolated a lipid extract from Perna canaliculus (New
Zealand green-lipped mussel) displaying anti-inflammatory effects in animal models and in human
controlled studies. This extract is constituted of furan fatty acids (F-acids), which exhibited potent

anti-inflammatory activity (Figure 3.21).

/ \ OH

0 132:F,

/N OH
0 133: F,
0

Figure 3.21. Structures of the representative furan fatty acids detected in the green-lipped mussel.

Furan amide 89 was synthetized using the methodology previously described by Lie Ken Jie et
al.'®® The general synthetic method involved the oxidation of the methyl ricinoleate 10a to the B,Y-
unsaturated ketone 10b using CrO; (6 equiv.) and pyridine (12 equiv.). After the purification of this
compound, the double bond was epoxidated with m-CPBA (1.8 equiv.) obtaining the B-epoxyketone
134 (50% yield). The treatment of compound 134 with NaNs (3.1 equiv.) and NH,CI (3.1 equiv.) gave
the methyl ester 135 (76% vyield). Posterior alkaline hydrolysis followed by amidation with vanillyl
amine 99 led to the 8-(5-hexylfuran-2-yl)-N-(4-hydroxy-3-methoxybenzyl)octanamide 89 (65%)
(Scheme 3.23).

163



Chapter 3

0 OH 0 0

So = A, (A=A
7 5 DCM 7 5
10a rt,2h 10b

60%
? DCM

m-CPBA | rt, 16 h
50%

0] o) 0]
W N TS
NH4CI ~o 7 5
EtOH/H,0 5:1

135 rt, 40 min 134

769
THF/H,0 1:1 %

LIOH-H,0 | rt, 20 h
94%

° Dﬁw

HO , 0 s HATU DIPEA
Anh. DMF
136 rt, 24 h

65%

Scheme 3.23. Synthetic route to compound 89.
®  9-(4-Hexylazetidin-2-yl)-N-(4-hydroxy-3-methoxybenzyl)nonanamide

Azetidine-based ring systems have had enormous application in medicinal chemistry in the

form of B-lactams.'*®*’

The use of the fully reduced form of this four-membered heterocycle in the
context of drug discovery has been less common. This can be attributed in part to the apparent
difficulty in accessing azetidines in their enantioenriched form. Nevertheless, the synthesis of
spirocyclic azetidines for their potential use in drug discovery has recently been described.'®**”° To
introduce the azetidine ring in the alkyl chain of the N-vanillyl amide, we started using the reaction

conditions described by Lie Ken lJie et al'”

10-Azido-N-(4-hydroxy-3-methoxybenzyl)-12-
oxooctadecanamide 118 was reduced with NaBH, (5 equiv.) to the corresponding alcohol 137, which
led to the 9-(4-hexylazetidin-2-yl)-N-(4-hydroxy-3-methoxybenzyl)nonanamide 90 (15% vyield) by

treatment with PPh; (1 equiv.) (Scheme 3.24).
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O N; O OH
e D/\H s 5 NaBH4 j@/\ g
MeOH

HO 118 0°C, 30 min
91%
Anh. MeCN
Ar atm.
PPhy reflux, 24 h

15%
0] H
N
H 8 5
HO

Scheme 3.24. Synthesis of compound 90.
e 9-(3-Heptanoyloxiran-2-yl)-N-(4-hydroxy-3-methoxybenzyl)nonanamide

Epoxyketooctadecenoic acids (EKODEs) are a class of linoleic acid oxidation products that are
formed in vivo and in vitro by a free radical mechanism initiated by either enzymatic or nonenzymatic
pathways. There is major interest in these compounds owing to their highly potent biological
activities and their ability to covalently modify proteins. Various isomers of a,B-unsaturated
epoxyketooctadecenoic acid (EKODE)""**"* have pronounced biological activity in stimulating the
production and secretion of steroid hormone > and in increasing cellular calcium.*® In view of these
facts, we decided to introduce an epoxide ring and synthesize an N-vanillyl amide based on an EKODE
to improve the structure-activity knowledge on these highly potent bioactive molecules. The
epoxidation of (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 was performed
using 30% H,0, (5.6 equiv.) and 1 M NaOH (1 equiv.). After the purification by liquid column
chromatography the a,B-epoxyketone 91 was obtained (65% yield) (Scheme 3.25).

0 0

0

JLM/\/”\M/ O Hr<hy

D/\ 30% 2o2 D/\” g g
1 M NaOH

MeOH
75 o ah 91

64%

Scheme 3.25. Synthesis of compound 91.
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3.5.4. Synthesis of N-vanillyl acylamides of lesquerolic acid-related compounds

3.5.4.1. Modifications at the homoallyl hydroxy group

e (R,Z)-14-Hydroxy-N-(4-hydroxy-3-methoxybenzyl)eicos-11-enamide

The first compound synthetized was the N-vanillyl amide of lesquerolic acid. Thus, firstly we
had to purify the lesquerolic acid 12a in order to using it for the further syntheses. Lesquerella oil 11a
was hydrolysed in basic media under microwave irradiation followed by the esterification with
methanol and 98% H,SO, to achieve methyl lesquerolate 13a after purification by liquid column
chromatography (70%). The compound 13a was hydrolysed using lithium hydroxide and the pure
lesquerolic acid 12a was achieved. This acid was treated with HATU and vanillyl amine 99 to yield the

R,Z)-14-hydroxy-N-(4-hydroxy-3-methoxybenzyl)eicos-11-enamide o yie cheme 3.26).
(R,2)-14-hyd (4-hyd 3 hoxyb lei 11 ide 92 (21% yield) (Sch 3.26)

0 OH
OJ\MQ/W
0] OH 1) 50% NaOH 0 OH
= MW 150 °C, 10 min MeOH z
9 5 2)37% HCl 98% H,S0, cat. 9 5
0,
M - o
0 9 5 THF/H,0 1:1
LIOH-H,0 | rt, 20 h
11a 91%
0 OH
J\M/ -2 HO)LM/M/
j@/\ HATU, DIPEA ° 5
Anh. DMF
rt, 24 h 12a

21%

Scheme 3.26. Synthesis of compound 92.
e Acyllesquevanil derivatives

As already mentioned above, Appendino et al.”® discovered that rinvanil 54 exhibited less
potency than olvanil 51 but its activity could be modulated by acetylation of the hydroxy group on
the fatty acid moiety. Phenylacetylrinvanil 59 and benzoylrinvanil 64 exhibited significantly higher
potency and efficacy than olvanil 51. Additionally, benzoylrinvanil 64 was active as antagonist on
FAAH enzyme. To investigate the possibility to identify new potent and selective modulators of
TRPV1 channel and FAAH enzyme, we synthesized the benzoyl- and phenylacetyl- lesquerolic
analogues (93 and 94). The synthesis of these analogues was performed using the HATU-mediated

coupling conditions above described. In the case of the vanillyl amine 99, two orthogonal protecting
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groups were used. First, the amine group of the vanillyl amine hydrochloride 99 was protected as a
carbamate 138 using di-tert-butyl dicarbonate (1 equiv.). Then, tert-butyldimethylsilyl chloride (1.5
equiv.) was used to protect the phenolic group to give the silyl ether 139. The carbamate group was

removed using trifluoroactic acid yielding the vanillyl amino trifluoroacetate salt 140 (Scheme 3.27).

0 0
- :©/\NHZ-HC| foc o - D/\NHBOC
2
—_—
HO TEA HO

DCM
99 0°Ctort, 24 h 138
74%
TEA, DMAP
DCM
TBDMS-CI [ g,
70%
A0 NH,-CF;COOH ¢ coom A0 NHBoc
-
TBDMSO DCM  TBDMSO
rt,3 h
140 0% 139

Scheme 3.27. Synthetic route to protect the phenolic group of 99.

Coupling of the lesquerolic acid 12a with protected vanillyl amine 140, again with HATU,

allowed the recovery of amide 141 after purification by liquid column chromatography (48% yield)

(Scheme 3.28).
i 4 J\MW
)LM/=\/:\(\/)/ 140
HO 9 5 HATU DIPEA
Anh. DMF TBDMSO
12a rt, 24 h

48%

Scheme 3.28. Synthesis of the protected amide 141.

The hydroxy group of the side chain of compound 141 was esterificated with benzoic acid
(1.5 equiv.) 142 or phenylacetic acid (1.5 equiv.) 143 under Steglich conditions using DCC as coupling
agent (2.4 equiv.) and DMAP as acyl-transfer agent (1.5 equiv.)."”” The corresponding esters 142 and
143 were isolated (54 and 86%, respectively) after liquid column chromatography. Finally, both
compounds 142 and 143 were deprotected by treatment with TBAF (2 equiv.) at room temperature

yielding the N-vanillyl acylamides 93 and 94 (74 and 77% yield, respectively) (Scheme 3.29).
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(0] OH
0 __ z
7~
TBDMSO 141
DCC, DMAP
Anh. Toluene
r o rt, 3 h
(0] (0]
o QJLR o QJLR
/O NJLM/M/ /O NJLM/W
H 9 5 1M TBAF H 9 5
Anh. THF
nh.
TBDMSO 142: R=Ph 54% rt, 4 h HO 93: R=Ph 74%
143: R=CH2Ph 86% 94: R=CH2Ph 77%

Scheme 3.29. Synthesis of acyllesquevanils 93 and 94.

3.5.4.2. Oxidized derivatives

e (E)-N-(4-Hydroxy-3-methoxybenzyl)-14-oxoeicos-12-enamide

In 2007, Morita et al.”® synthetized a two new shogaol derivatives containing an oleyl
moiety. These compounds were the oleylgingerol 144 and oleylshogaol 145 (Figure 3.22). They
concluded that the ECs, values of gingerol-related compounds decreased with increases in the
carbon chain length. However, in the case of shogaols was determined the opposite. To explain these
results, they established the position of the hydroxy group may have an important role in activating

the ion channel.
0] OH 0]
/Om /Om
HO Z HO Z
144 145
Figure 3.22. Structures of oleylgingerol 144 and oleylshogaol 145.

Thus, we proposed that the position of the a,B-unsaturated carbonyl moiety may have
influence in the agonist behaviour. For that reason, we decided to synthetize the N-vanillyl acylamide
of the enone of lesquerolic acid 95 to compare it with the enone of ricinoleic acid 1d. As it was
described in Chapter 1, the synthesis of the a,B-unsaturated carbonyl compound from methyl
lesquerolate 13a was carried out through an hydrogen transfer reaction catalyzed by ruthenium.
Methyl lesquerolate 13a was treated with Shvo’s catalyst 6 (0.5%) and acrolein (3 equiv.) as

hydrogen acceptor, after 45 min under reflux of toluene and followed by purification by liquid
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column chromatography, methyl (E)-14-oxoeicos-12-enoate 13d was obtained (40% yield). The
enzymatically hydrolysis of compound 13d gave the corresponding carboxylic acid 12d, which was

directly amidated, under HATU conditions, with vanillyl amine 99 to obtain the amide 95 (28% vyield)

(Scheme 3.30).
(0] OH (0] (0]
< 6
0] 5 5 %j 0 10 5
H
13a Anh. Toluene 13d
flux, 30 mi - R
re uzo% min Novozym 435° lezoc/;ezri :uOH 1:4
15% w/w 93%
(0] (0] (0] (0]
0 JL(\’)/\/U\(\’)/ 99 )L(\/)/\/U\(\/)/
e N X <«— HO X
H 10 5 HATU, DIPEA 10 >
Anh. DMF
HO 95 rt, 24 h 12d

28%

Scheme 3.30. Synthesis of compound 95.
o N-(4-Hydroxy-3-methoxybenzyl)-14-oxoeicosanamide

Vanilloid activity of linear fatty acids peaks at C-9 and then fades with a further increase of

h."*! However, the introduction of polar groups (hydroxy, ketones, etc.) in the

the chain lengt
saturated side-chain contributes to fully restore of activity.”> With the aim of dissecting the polar
contributions to the activity saturated fatty acid amides, we synthetized the saturated ketone N-
vanillylacyl amide 96. It was synthetized by the hydrogenation of the compound 13d using 10%
loading Pd/C under atmospheric pressure. Methyl 14-oxoeicosanoate 13e was obtained (93% yield)
and was used in the next step without any purification. The alkaline hydrolysis of the methyl ester
13e gave the 14-oxoeicosanoic acid 12e (78% vyield), which was treated with vanillyl amide 99 and

HATU to obtain the N-(4-hydroxy-3-methoxybenzyl)-14-oxoicosanamide 96 (75% yield) (Scheme
3.31).
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0 0 H,, 1 atm 0 0
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O 10 5 MeOH O 10 5
rt,2.5h
13d 93% 13e

THF/H,0 1:1
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Scheme 3.31. Synthesis of the saturated N-vanillyl acylamide 96.
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3.6. CONCLUSIONS

In this chapter we focused our attention on the synthesis of a series of new long chain N-
vanillyl acylamides (LCNVAs) starting from homoallyl hydroxy fatty acids as ricinoleic and lesquerolic
acid. We performed structural transformations over the homoallyl hydroxy moiety. As a result,
structural variants of the hydrophobic side chain of the capsaicin molecule were incorporated into a
series of vanillylamides. A total of 22 new molecules were synthetized, which biological response in
pain receptors was evaluated. The corresponding biological results are explained in detail in Chapter

4.
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Biological evaluation of the LCNVAs

4.1. INTRODUCTION

As explained in Chapter 3, TRPV1 is an ion channel which, when is activated, leads to the
gating of cations, including Ca**, thus generating changes in intracellular Ca** concentration. The use
of Ca”** fluorescent indicators is a tool for monitoring intracellular Ca®* concentration when TRPV1
receptor is activated. Because of its advantages of information, throughput, sensitivity and temporal
response described it was the assay chosen to evaluate the agonist behaviour of the new molecules

described in Chapter 3.
4.2. INTRACELLULAR Ca** MEASUREMENT USING FLUORESCENT DYES

A multitude of Ca®" signals, varying from nanoscopic, subcellular domains to whole-cell Ca**
waves and lasting for microseconds to hours, are used by different types of cells.”? The
characteristics of these cellular Ca** signals depend on the expression of tissue specific Ca’ transport
systems.? The diversity of cellular Ca®* signalling means that there is no single technique that can be
used to monitor Ca’* changes in all situations. However, fluorescent Ca®* indicators and imaging
provide the most versatile and widely used method for analyzing cellular Ca** responses. Since their
introduction by Tsien and colleagues,” fluorescent Ca** indicators have underpinned the investigation
of Ca® signalling in a host of different experimental settings. Using appropriate technology and
suitable indicators, it is possible to monitor Ca** signals spanning from subcellular to multicellular, at
high speed or time lapse, within living cells. Ca**-sensitive fluorescent indicators fall into one of two
groups: dual-wavelength ratiometric indicators and single-wavelength non-ratiometric indicators.
Single wavelength indicators exhibit significant Ca®* dependent changes in fluorescence intensity

without shifting their excitation or emission wavelengths.

Ca®* indicator dyes are commercially available in three chemical forms: salts, dextran
conjugates or acetoxymethyl (AM) esters.’ Salts are the simplest form of Ca®* indicators, but because
of their hydrophilic nature, they are membrane impermeable and require invasive loading
procedures. Dextran conjugates have high water solubility, low toxicity, and exhibit essentially no
compartmentalization over very long recording periods up to days in length. Dextran conjugates are
available for all of the most common and popular Ca”" indicators including, Fluo-3, Fluo-4, Rhod-2,
Fura-2, Calcium-Green 1, Indo-1 and Oregon Green 488 BAPTA-1. All incorporate a Ca**-chelating
moiety, that usually presents 1,2-bis(2-amino-phenoxy)-ethane-N,N,N',N'-tetraacetic acid (BAPTA).®
The affinity of the BAPTA moiety towards Ca®* can be tuned by introduction of some groups

(increased by electron substituents and decreased by electron withdrawing ones). The main
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inconvenient of these dyes is that they are hydrophilic compounds, and therefore, they present
difficulties to be loaded into cells. Because of this fact, Ca®* indicator dyes were engineered with
acetoxymethyl esters (AM) to offer a more convenient method for loading hydrophilic dyes into cells.
AM dyes are sufficiently hydrophobic that they are membrane permeable and can be passively
loaded into cells simply by adding them to the extracellular medium. Intracellular esterases then
cleave the AM group and trap the dye inside cells. This method of dye loading also effectively
concentrates Ca”* indicators inside cells such that a bath concentration of 1-5 uM results in a
cytosolic concentration greater than 100 uM. Within the latter group it should be highlighted Fluo-4-
AM, which is essentially a brighter, more photostable derivative than its precursor Fluo-3-AM. Its Ca**
affinity is a little lower (K4~345 nM) making it more suitable for 488 nm excitation using an argon
laser.”® This makes Fluo-4-AM brighter at a lower dye concentration and consequently, less
phototoxic. Lower concentrations of dye can yield almost double the amount of fluorescence, which
is advantageous in cell lines plated at lower densities. As importantly, Fluo-4-AM has very low

background absorbance and lower dye concentrations require shorter incubation times (Figure 4.1).

R=-CH,0COCH,

Fluo-3-AM Fluo-4-AM

Figure 4.1. Structure of the membrane-permeable precursor fluorimetric dyes Fluo-3-AM and Fluo-4-AM.

Generally, each dye incorporates a fluorophore, and selectively chelate calcium ions. The
action mechanism is as follows: each dye was loaded into the cells by incubation with the
membrane-soluble acetoxymethyl ester form; once incorporated into the cell; cytosolic esterases
hydrolyse the ester groups, to leave the membrane-impermeable form of the dye “trapped” within
the cell. The free form chelates the intracellular calcium. The chelation of a calcium ion causes a shift
in the wavelength and an increase in the intensity of the fluorescence. The change in fluorescence is
proportional to [Ca’], thereby the measurement of changes in fluorescence allows the

measurement of changes in [Ca”™*]; (Figure 4.2).
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Figure 4.2. Hydrolysis of Fluo-4-AM and complexation of intracellular ca®.

4.3. FAAH ACTIVITY RADIOMETRIC ASSAY

FAAH is a membrane-bound protein found predominantly in microsomal and mitochondrial

fractions.’**?

The enzymatic activity was highest in the liver, followed by the brain. The enzyme can
be solubilized from the membrane with the aid of detergents such as sodium taurodeoxycholate®®
and Triton X-100.**** As mentioned in the Chapter 3, anandamide 29 is the main substrate of the
FAAH enzyme. Anandamide 29 was shown to be hydrolyzed by a single enzyme in mouse
neuroblastoma cells.”* This finding was confirmed with recombinant rat FAAH."* The rate of
anandamide 29 hydrolysis by the recombinant enzyme was shown to be the highest against the

1316 The catalytic

hydrolysis rate of oleamide 70 and other primary amides from different fatty acids.
action of FAAH can be determined by Scintillation Proximity Assay (SPA). The technique requires a
labelled molecule with a weakly emitting radioisotope and a ligand. The molecule becomes adsorbed
to minute beads that contain a scintillant that is excited by the energy of radioactive decay and a
recognition site for the ligand. Secondary emission of light from the scintillant is quantified in a
scintillation counter. Because a weakly emitting radioisotope is used, only when the radioactive
decay occurs in close proximity to the scintillant (i.e. when the molecule is bound to the bead) is a

. . .. 17-1
visible emission produced.” "

Omeir et al.”® developed an assay based on the distinct physicochemical and binding
properties of the FAAH substrate anandamide 29 and its two products, arachidonic acid 71 and
ethanolamine 72. In this study, arachidonoyl ethanolamide labelled in the ethanolamine portion of
anandamide 29 ([1,2-"*C]arachidonoyl ethanolamide). After incubation of the FAAH enzyme with this
substrate, the reaction mixture is stopped by the addition of organic solvent. The radiolabelled
anandamide substrate partitions into the organic phase while the product ([1,2-**Clethanolamine)

conveniently partitions into the aqueous phase which is measured by liquid scintillation counting.
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The use of [1,2-"*C]arachidonoyl ethanolamide provides a simple method to monitor the breakdown

of anandamide that does not require a thin layer chromatography separation step.

To evaluate the FAAH inhibition of a new molecule, the rat brain membrane suspension is
incubated with the new compound and [1,2-14C]-arachidonoyl ethanolamide. At the time indicated,
the tissue suspension is extracted with a mixture of MeOH/CH;sCl 1:1 and to this upper-phase is
added the scintillation liquid. The no B direct emission radioactivity indicates that the new molecule
avoids the hydrolysis of [1,2-'*C]-arachidonoyl ethanolamide into arachidonic acid and [1,2-'*C]-

ethanolamine and therefore, it presents an excellent inhibitory behaviour.
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4.4. OBJECTIVES

The aim of this chapter was to evaluate the library of compounds synthesized in Chapter 3 to
determine the agonist behaviour for TRPV1 and the inhibitory potential in the FAAH enzyme.
Furthermore, these compounds were tested in other TRP receptors (TRPV2 and TRPA1) to assess
their selectivity for TRPV1 receptor. These results allowed the elaboration of a library of new
compounds with biological activity in pain receptors in function of the structure—activity

relationships.
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4.5. RESULTS AND DISCUSSION

The assays for determining the biological activities in TRPV1 receptor and FAAH enzyme of
the new LCNVAs described in Chapter 3 were performed in collaboration with the Endocannabinoid
Research Group of the Institute of Biomolecular Chemistry (ICB-CNR) in Pozzuoli (Italy) under the
supervision of Dr. Vincenzo Di Marzo and Dr. Luciano de Petrocellis. Cell-based assay was chosen to
evaluate the agonist behaviour in TRPV1 (ion channel) of the new compounds whereas that the
ability to inhibit the FAAH enzyme activity by these same molecules was determined by a

biochemical assay.
4.5.1. TRP activity evaluation

The activity at human TRPV1 of the 22 new compounds synthetized in Chapter 3 was
measured by the fluorescence-based intracellular Ca®* assays. In addition to evaluating the biological
activity of these new synthesized compounds, another objective of this chapter was to evaluate their
selectivity evaluated towards other TRP channels as TRPV2 and TRPA1 that are also abundant in

sensory neurons. In Table 4.1 are shown the chemical structures of the molecules to be tested.

Table 4.1. The set of molecules submitted to biological evaluation.
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Table 4.1. The set of molecules submitted to biological evaluation (continued).
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4.5.1.1. Measure of the agonist behaviour at TRPV1

The agonist behaviour of each new long chain N-vanillyl acylamide was evaluated by
recording and monitoring Ca®* signals using the single wavelength fluorescence indicator Fluo-4
acetoxymethyl (AM) in HEK-293 cells transfected with human TRPV1. Once the cells were loaded
with the Ca* indicator Fluo-4-AM were transferred to the quartz cuvette of the espectrofluorimetre
(Aex=488 nm; A;y=516 nm) under continuous stirring. Experiments were performed by measuring cell
fluorescence before and after addition of various concentrations of the compounds to evaluate. The
potency of the test compounds (ECs, values) was determined as the concentration of the test
substances required to produce half-maximal increases in [Ca®lintracellutar- The efficacy of the agonists
was determined by comparing their effect with the analogous effect observed with 4 uM of
ionomycin, which is an ionophore produced by the bacterium Streptomyces conglobatus that

increases the [Ca’']. Finally, the desensitizing behaviour (antagonism) was evaluated against
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capsaicin 28 (0.1 uM) by adding the capsaicin 28 in the quartz cuvette 5 min before stimulation of
cells with the test compounds. Data are expressed as the concentration exerting a half-maximal
inhibition of the agonist effect (ICs;). Table 4.2 collects the ECs, values determined for each

compound, as well as their efficacy and desensitizing behaviour against capsaicin 28.

Table 4.2. Summary of the TRPV1 biological data of new LCNVAs synthetized determined by measure of [Ca2+]i fluorescence

methodology.”

Entry Compound ECso (nM) Efficacyb 1C5o (NM)
1 75 4.1+0.3 71.141.2 2.740.1
2 76 5.840.3 77.2+0.9 8.710.4
3 77 3.87+0.2 77.7+0.9 3.934+0.03
4 78 1.740.1 73.740.6 1.84+0.08
5 79 78.313.2 63.5+0.7 57.7+2.7
6 80 14.3+1.1 65.4+1.0 6.210.3
7 81 9.04+0.29 73.610.6 9.11+0.33
8 82 37.9+2.4 77.440.9 23.7£1.5
9 83 49.3+1.9 75.240.7 54.2+1.7
10 84 24.440.5 70.5+0.4 29.9+1.2
11 85 29.5+0.6 69.5+0.4 38.9+2.7
12 86 5.05+0.25 75.310.9 3.37+0.15
13 87 1.740.04 76.8+0.3 1.840.1
14 88 2.15+0.10 76.2+0.8 2.29+0.08
15 89 0.24+0.02 73.840.2 0.26+0.07
16 90 61.6+1.3 60.6+0.3 81.945.0
17 91 31.6+0.9 59.7+0.4 21.5+0.9
18 92 1.63+0.09 76.4+0.7 1.00+0.05
19 93 0.26+0.02 78.9+1.0 0.24+0.02
20 94 0.3110.04 69.3+2.0 0.26+0.02
21 95 0.88+0.07 74.0+0.9 0.7310.06
22 96 0.6+0.1 64.4+0.4 0.92+0.05

“Data are means +SEM of n=3 determinations.
®9 at maximal tested concentration.

vanillyl amide bond. These data allowed the extraction of qualitative SAR information. Firstly, all the

new compounds showed agonist character in concentrations of nanomolar scale, which is in
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agreement with the presence of the pharmacophore (vanillyl ring). Therefore, these results
reaffirmed the requirement of the vanillyl ring and the amide bond (in comparison with the capsiates
which are at least 1 order of magnitude less potent TRPV1 activators than capsaicin 28) to achieve

high TRPV1 potencies as agonists.

The structure-activity study of the a,B-unsaturated ketones revealed, in general terms, that
both the enone of ricinoleic acid 75 and enone of lesquerolic acid 95 were strongly more active than
any of the natural shogaols®! ([6]-shogaol 103 ECs,=0.611 pM, [8]-shogaol 104 ECs,=0.711 pM and
[10]-shogaol 105 EC5,=0.874 uM). 95 was more active (>4-fold) and better desensitizer than 75. This
behaviour could be explained by the influence of the molecule lipophilicity on the TRPV1 activity. 95,
with 20 carbon atoms in the acyl chain, presents higher lipophilicity than 75. An increment of the
lipophilicity of a molecule facilities the transport through the cell membrane, which improves the

activity.”

The effect of the conjugation was studied considering the compound 76. The ECs, of the a,B-
unsaturated diketone 76 remained within the order of magnitude of the enone 75. The increment of
the conjugation in the side chain through the presence of an a,B-unsaturated diketone moiety did

not result in an improvement in activity.

Capsaicin 28 is a moderately flexible molecule characterized by a double bond, whose
stereochemistry does not affect for receptor interaction.” Rinvanil 54, the N-vanillyl acylamide of
ricinoleic acid 1a, is a TRPV1 agonist (EC5,=6.0 nM) that has a Z-double bond. 77 was synthesized with
the purpose of checking if the stereochemistry of the double bond of rinvanil 54 is crucial for the
potency of the molecule. It was apparent that the replacement of the stereochemistry of the double
bond from the Z-configuration to the E-configuration resulted in a decrease of potency, and thus an
improvement of TRPV1 activity. The synthesis of the B,Y-unsaturated ketone 78 resulted in a better
compound than its precursor 77 in terms of potency and inhibition. 78 had also a higher activity than
75, which is its conjugated analogue. The agonist behaviour of 78 was also better than olvanil 51
(ECs0=3.7 nM),** the commercial analogue without the keto group. It seems that the presence in the
alkyl side chain of an E-double bond and a carbonyl group in the 6-position relative of the double

bond led to the improvement of the agonist behaviour.

The compound 79 was synthetized as N-vanillyl acylamide analogue of [6,8]-gingerols, which

25,26

activate both native and recombinant TRPV1.7“°. Although the activity increased over 8-fold than

natural gingerols, it was the worst result of the whole series. As it was described in Chapter 3, there
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are some evidences of the existence of a second pocket capable to interact with apolar groups. This
pocket cannot form hydrogen bonds with hydroxy groups.”” 80 was synthezised to corroborate the
existence of this apolar cleft. The substitution of the hydroxy group of the B-hydroxyketone 79 by a
methoxy group 80 in the B-position resulted in a substantial increase of activity. Although the
inhibition was also improved, the efficacy was maintained at the same values. As a result, we could
assure that the replacement of the hydrogen-donor polar group(s) in the side-chain by non-

hydrogen-donor groups generated higher potencies.

A good mimic of an amide bond is the 1,4-substituted 1,2,3-triazole ring.zg'29

Appendino et
al*® synthetized several 1,2,3-triazolcannabinoids that showed TRPV1 activity. They conclude 1,2,3-
triazole ring can act as a peptidomimetic element capable of both sustaining and modulating amide-
related bioactivity. This effect was reflected in the biological activity of 81. The introduction of an
1,2,3-triazole ring in the B-position led to a better potency respecting other B-substituted ketones
such as 82 and 83. On the other hand, this highly polar group could have a detrimental effect on

bioactivity when implanted in a lipophilic moiety as an isosteric surrogate for a double bond.

Compound 81 showed worse potency compared to derivatives with double bond in the side chain.

[6]-Shogaol 103 is metabolized by mice cells. L-Cysteine conjugates with [6]-shogaol 103 in
form of B-thioketones through the mercapturic acid pathway in order to be excreted of the
organism.>' Based on these metabolites, we synthetized four B-thioketones to evaluate their activity
and design of a small library about this moiety. Compound 82 presented slightly better potency and
inhibition than 83 against capsaicin 28. With respect to the double N-vanillyl acylamides 84 and 85,
these compounds showed higher activity than their carboxylic acid precursors 82 and 83 but worse
efficacy values. The slight increase of potency evidenced the importance of the substitution of
hydroxy groups present in the carboxylic acids by other acid derivatives as esters or amides due to
the presence of the second pocket. Although TRPV1 is a multimeric receptor,® the presence of the
phenol group in the second vanillin ring leads to the formation of hydrogen bonds. This fact hinders
the accommodation of the side chain in the apolar pocket and therefore, which is detrimental to the

activity.

Respecting to compounds with conformational constrained side-chain, we were able to draw
several conclusions. First, the increment of the conformational constraint on the side-chain either as
pyrazoles 86 and 87, isoxazoles 88 and furans 89 resulted in better activities and efficacies than the
derivatives with more of freedom of movement as 90 and 91. Within the N-pyrazole derivatives, the

presence of an N-phenyl (87) instead of an N-methyl group (86) increased the values of potency and
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inhibition, although the efficacy was similar. This behaviour of compound 87 could be explained by
establishing a hydrophobic m-rt stacking® with the phenyl group of the aminoacid Y511 of the S3
helix, which is known to interact with the aliphatic tail of 28.>* This resulted in a better
accommodation of 87 in the apolar cleft of TRPV1. n-it Interactions are usually energetically
important when the ligand has either positive charge or an aromatic ring, and are involved in control
of ion channels, G-protein-coupled receptors, transporters, and enzymatic catalysis.> However, the
methyl substituent of 86 would not stablish this interaction and it would result in a decrease of
potency. Secondly, the replacement of the substituted nitrogen atom by an oxygen atom (88) led to
slightly improvement of potency and inhibition compared to the N-methylpyrazole 86. Nevertheless,
this change did not allow 86 to achieve the activity of 87. This fact reinforced the hypothesis that the
presence of the phenyl substituent generates m-m interactions with the aminoacids of the apolar

pocket positively influencing the activity of the molecule in TRPV1.

Furan derivative 89 showed the best results in term of potency of the whole series. Based on
our activity data, we could deduce that the presence of a furan ring in the side chain of the vanillyl
amide improve the activity in TRPV1 receptor. It seems that the conformational constraining of the
furan favors the accommodating of the aliphatic chain in the apolar pocket. Having in mind the
design a library of LCNVAs based on SAR studies, the synthesis of new furan derivatives in the side-
chain could be a good starting point to explore the activity around this moiety. The introduction of an
azetidine ring 90 into the chain, gave the worst results of the whole series of conformational limited
compounds. The presence of the NH-group did not favor the accommodation of the side-chain in the
apolar cleft. In addition, the azetidine derivative 90 gave the worst inhibitory result of the whole
series. This result implies that capsaicin 28 has greater affinity for the receptor than 90 and so, this
compound would be rapidly replaced by the natural agonist 28. However, the change of the azetidine
ring 90 by a B-epoxyketone 91 led approximately to an activity twice higher as well as over 4-fold in

inhibition.

Previous studies had established that the introduction of an allylic hydroxy group on the
distal homoallylic position increases the efficacy without greatly altering potency.”’” This is
particularly the case of rinvanil 54 (EC5,=6.0 nM), that suggests the presence of polar elements within
the apolar pocket accommodating the acyl residue of capsaicin 28. 92, the N-vanillyl acylamide of
lesquerolic acid 12a, showed better potency than rinvanil 54. As it was indicated above, the
increment of the number of carbon atoms in the side-chain results in an increase of the lipophilicity

of the molecule improving the activity. The derivatization of the hydroxy group of 54 into the
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homoallyl esters (59 and 64) led to a spectacular increment of potency respecting rinvanil 54. This
same effect was observed in the case of the acyllesquevanils 93 and 94. The replacement of the
hydroxy group of the lesquerolic amide 92 by an ester group (benzoyl- 93 and
phenylacetyllesquevanil 94) produced a higher potency (=15-fold) and inhibition. Therefore, polar
elements as hydroxy group do not establish a hydrogen bond within the apolar pocket. The existence
of a second pocket capable of interacting with ester groups might also be present in the apolar cleft
accommodating the acyl residue of LCNVAs.”” This new acyllesquevanils 93 and 94 showed slightly
worse activity and efficacy than the ricinoleic ester analogues, benzoyl- 64 and phenylacetylrinvanil
59.% 93 showed the best value of efficacy of the whole series and it was similar to capsaicin 28.

Finally, these acyllesquevanils 93 and 94 presented good values of inhibition against capsaicin 28.

In 2002, Appendino et al.”’ synthetized the saturated alcohol 55 (ECs,=5.0 nM) and ketone 56
(EC50=6.3 nM) from ricinoleic acid 1a, which reduced efficacy but not potency regarding rinvanil 54.
Our compound 96, the fully saturated ketone from 95, followed the same tendency. 96 showed
lower efficacy but higher potency (ECs0=0.6 nM) than 92 and 95 (ECs,=1.63 and 0.88 nM
respectively). It is interesting to highlight that 96 showed over 10-fold activity than 56 and similar
efficacy. As is known, polar elements such as hydroxy or ketone groups present in the saturated side-

chain contribute positively to the activity by better accommodation of the acyl residue of LCNVAs.

4.5.1.2. Measure of the agonist behaviour in TRPV2

Transient receptor potential vanilloid type 2 (TRPV2) is a calcium-permeable cation channel
belonging to the TRPV family and it was independently identified by two groups in 1999 using

37,38

different approaches. It shares ~50% sequence identity with TRPV1.* Nevertheless, it differs from

TRPV1 in its overall cellular function.® Heterologously expressed TRPV2 predominantly localizes to

intracellular membranes.”® In addition, TRPV2 does not respond to heat or vanilloids in vivo.***? B

y
Northern blotting, the expressing of TRPV2 is high in brain, lung and spleen.* TRPV2 consists of a
large N-terminal cytoplasmic domain (~390 residues), followed by six transmembrane segments
(~250 residues) containing a pore-forming loop, and a C-terminal cytoplasmic domain (~100
residues). The N-terminal cytoplasmic region of TRPV2 can be further subdivided into a distal N-

terminal region, an ankyrin repeat domain, and a membrane-proximal linker region. Recently,

structure of the full-length TRPV2 channel by cryo-EM was resolved.*

In heterologous expression systems, TRPV2 activity was shown to be increased by

endogenous ligands as lysophosphatidylcholine 146 and lysophosphatidylinositol 147 and by
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exogenous small molecules such as 2-aminoethoxydiphenyl borate (148, 2-APB) and probenecid 149

39,45,46
d.

(Figure 4.3), and blocked by ruthenium red and G However, physiological regulators of TRPV2

and other TRPV channels remain unknown.

0 - 0 0 0
- b0 P__ HO—~OH _OH
= OH OH
OH OH OH
146 147
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148 149

Figure 4.3. Chemical structures endogenous and exogenous TRPV2 agonists.

TRPV2 has been proposed as a potential pain target, but very little is known about its
activation mechanism or possible candidates for specific or endogenous TRPV2 activators. The
method employed to measure the effect on TRPV2 of the compounds was the same as the case of
TRPV1. The increase of intracellular calcium was measured by fluorescence in HEK-293 cells stably
over-expressing the rat recombinant TRPV2 channel. Data are expressed as ECs,. The efficacy was
calculated as a percentage of the effect achieved with ionomycin (4 uM). In the antagonism-
desentization experiments, the compounds were given to cells 5 min prior to
lysophosphatidylcholine 146 (LPC) (3 uM) before stimulation of cells with agonists. Data are
expressed as the concentration exerting a half-maximal inhibition of the agonist effect (ICs;). These

results are given in Table 4.3.
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Table 4.3. Summary of the TRPV2 biological data of new LCNVAs synthetized determined by measure of [Ca2+]i fluorescence

methodology.”

Entry Compound ECso (NM) Efficacy” ICso (NM)
1 75 n.a. <10 >50
2 76 n.a. <10 47.3+0.01
3 77 n.a. <10 >10
4 78 n.a. <10 >10
5 79 n.a. <10 49.1+4.7
6 80 n.a. <10 >50
7 81 n.a. <10 >10
8 82 n.a. <10 >50
9 83 n.a. <10 >50
10 84 n.a. <10 46.3+0.01
11 85 n.a. <10 44.3+0.01
12 86 n.a. <10 >10
13 87 n.a. <10 >50
14 88 n.a. <10 >50
15 89 n.a. <10 2.32+0.25
16 920 n.a. <10 >10
17 91 n.a. <10 >50
18 92 n.a. <10 >50
19 93 n.a. <10 12.0£1.7
20 94 n.a. <10 >50
21 95 n.a. <10 >10
22 96 n.a. <10 >10

“Data are means +SEM of n=3 determinations.
b4 at maximal tested concentration.
‘Not active

Table 4.3 shows that any compound of all synthesized presented activity against the TRPV2
receptor. In addition, the efficacy of all of them was less than 10%. With regard to compound 89, the
most potent of the series against the TRPV1 receptor, despite not showing TRPV2 activity and
efficacy, a certain antagonism was observed in presence of its endogenous agonist
lisophosphatidylcholine 146. These data confirmed that compound 89 exhibits selectivity for TRPV1
vs TRPV2.
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4.5.1.3. Measure of the agonist behaviour in TRPA1

TRPA1 is the only TRPA protein present in humans and other mammals*’ and was previously
called ANKTM1 because the protein consists of many N-terminal ankyrin repeats. This channel is
found expressed highly expressed in dorsal root and trigeminal ganglion neurons, where it is co-
expressed with TRPV1.” There, it has a variety of sensory roles, especially sensation of painful or

4931 TRPA1 has six transmembrane domains with a reentrant loop between the fifth

irritating stimuli.
and sixth that creates the pathway for ion permeation,” and intracellular N- and C-termini.>®
Recently, the atomic structure of the human TRPA1l (hTRPA1) channel was solved by cryo-EM,
revealing channel organization, pore architecture and key regulatory interactions.>* The best-known
activators of TRPA1 are a set of exogenous electrophilic agonists that form covalent adducts with
cysteine and lysine residues contained within the N-terminal domain. TRPA1 is chemically activated

by the psychoactive component in marijuana, > environmental irritants, and pungent compounds.

Examples of electrophilic agonists are allyl isothiocyanate 150 (AITC) from wasabi,*®*’

56,57 58,59

cinnamaldehyde 151 from cinnamon extracts, allicin 152 from garlic extract, acrolein 153 in
diesel exhaust,” and other noxious substances such as tear gases.”® TRPAL is also activated by
menthol 154 (a cooling agent),®* 4-hydroxynonenal 155 (a product of oxidative stress),®* N-

methylmaleimide 156 (a cysteine-modifying reagent), Ca** ions,®® and alkalization (Figure 4.5).

(0]
o (0]
/\/NCS X H v
= \/\S/SV\ \)J\H
150 151 152 153
0 (0]
OH HJVYW | N—

154 155 156

Figure 4.5. Chemical structures of some TRPA1 exogenous agonists.

Two studies®™® have proposed that allyl isothiocyanate 150 and cinnamaldehyde 151, both
electrophilic compounds, activate TRPA1 through covalent binding on specific cysteine residues
present in the ankyrin repeats of the proteins. These findings could be extended to alkyl chains
inferior to 8 carbons possessing a,B-unsaturated double bond,*” showing that the reactive cysteine
residues could attack these compounds through a Michael addition. Finally, it is downstream of

receptors that activate the phospholipase C (PLC) pathway, such as the bradykinin receptor.
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The method used to measure the effect on TRPA1 of the synthesized compounds was the
same as the case of TRPV1. The increase of intracellular calcium was measured by fluorescence in
HEK-293 cells stably over-expressing the rat recombinant TRPA1 channel. Data are expressed as ECsy.
The efficacy was calculated as a percentage of the effect achieved with allylisothiocianate 150 (100
KM). In the antagonism-desentization experiments, the compounds were given to cells 5 min prior to
allyl isothiocianate 150 (100 uM) before stimulation of cells with agonists. Table 4.4 shows the
concentration exerting a half-maximal inhibition of the agonist effect (I1Cs).

Table 4.4. Summary of the TRPA1 biological data of new LCNVAs synthetized determined by measure of [Ca2+]i fluorescence

methodology.®

Entry Compound ECso (nM) Efficacyb 1C5o (NM)
1 75 1.5+0.1 71.0+0.3 3.7+0.3
2 76 0.13+0.01 88.7+1.9 0.22+0.02
3 77 >10 119.8+7.8 37.0£3.3
4 78 >10 93.1+10.8 48.3+15.6
5 79 10.0+0.1 15.210.1 >50
6 80 4.510.4 55.1+0.4 30.2+1.0
7 81 >10 92.9+14.1 >50
8 82 11.1+0.1 17.710.1 >50
9 83 10.0+0.1 18.810.1 >50
10 84 n.a. <10 30.60.3
11 85 n.a. <10 27.5+0.3
12 86 n.a. <10 30.346.2
13 87 8.610.1 50.1+0.1 16.8+0.2
14 88 5.10£0.01 34.610.1 >50
15 89 10.5+0.01 84.110.3 13.1+0.1
16 20 n.a. <10 >50
17 91 1.1+0.1 20.91+0.3 >50
18 92 n.a. <10 28.4+2.7
19 93 9.810.1 21.940.1 35.9+0.8
20 94 n.a. 0 >50
21 95 >10 98.1+14.1 6.9+0.8
22 96 n.a. <10 >50

“Data are means +SEM of n=3 determinations.
®9 at maximal tested concentration.
‘Not active
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Screening of the components of the library of new LCNVAs to evaluate their selectivity at
TRPV1 against TRPA1 showed that the found activity of these compounds was of the micromolar
order or practically null. Whereby, the synthetized agonist were selective for the TRPV1 instead
TRPAL. The double a,B-unsaturated ketone 76 exhibited the highest activity among the most active
compounds. This behaviour was expected because it is the compound with the highest electrophilic
character of the whole series. This molecule could be attacked by the cysteine residues through a
Michael addition. Moreover 76 behaved as rather selective TRPA1l antagonist in as much as it
inhibited the response to allyl isothiocyanate 150. The loss of a ketone group led to a decrease of the
electrophilic behaviour and so, the potency was affected. 75 showed 10-fold lower activity than 76.
Efficacy and inhibition were also worsened. On the other hand, 75 presented better activity than its

ginger analogue [6]-shogaol 103 (EC50=16.0 uM).

The Z-isomer of rinvanil 77 showed the 100% of efficacy at TRPA1 receptor, although the
potency was higher than 10 uM. The absence of electrophilicity in this molecule was detrimental of
activity and inhibition but no of efficacy. Oxidation of compound 77 to give the compound 78 with
higher electrophilicity did not increase the potency but maintained an elevated efficacy. It seems

that the presence of conjugation in the side-chain is crucial for the TRPA1 activity.

Compound 80, one of the 1,4-ketosubstituted amides studied, showed an unexpected value
of potency considering that it does not present a very electrophilic character as 75 or 76. However,
the values of efficacy and inhibition were not good. On the other hand, the B-hydroxyketone 79 was
less active and showed lower efficacy than 80. The replacement of a hydrogen donor group by the
methoxy group in the side-chain highlighted the marginal importance of the B-hydroxy group for the
activity. 79 gave very similar values than the ginger derivative [6]-gingerol 100,°® whereas the efficacy
was the highest among the whole series of 1,4-ketosubstituted amides The presence of an 1,2,3-
triazole ring gave acceptable values of TRPA1l activity and allowed the inhibition against allyl

isothiocyanate 150.

Within the series of conformational constrained side-chain compounds, we could observe, in
the case of pyrazoles, the same phenomenon that occurred in TRPV1. While N-phenylpyrazole 87
showed activity for TRPA1 and some efficacy, N-methylpyrazole 86 was not active for the same
receptor. This suggested that phenyl ring could establish rt-1t interactions with certain residues of the
activation site.>® The isoxazole mixture 88 showed the best results between all the conformational
constrained compounds in terms of potency. However, the efficacy was low and did not inhibit the

response of allyl isothiocyanate 150. The furan compound 89, the most active molecule in TRPV1, did
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not show good values of potency. In contrast, the efficacy was similar to 76. So; these results allowed
us to assure that 89 is selective for TRPV1 against TRPAL. The azetidine ring 90 did not prove to be a
good moiety to incorporate to the side-chain due to the complete absence of activity. Unlike 90, the
B-epoxyketone 91 presented the second best activity of the tested compounds. However, its efficacy

and desensitizer behaviour were not suitable.

Almost all lesquerolic acid derivatives were practically inactive. The lesquerolic N-vanillyl
acylamide 92 did not show potency and its efficacy was lower than 10%. The benzyllesquevanil 93
resulted more active than the corresponding phenyllesquevanil 94, which was completely inactive. In
the case of 95, the efficacy was almost 100%. However, an activity >10 pM was achieved. In
comparison with 75, it seems to indicate that the elongation of the chain containing the a,f-
unsaturated ketone did not favour TRPA1 activity but improved the efficacy. Finally, the total
absence of double bonds and the increase in the number of carbons 96 produced a deep drop in the

values.

To sum up, we could conclude that the furan N-vanillyl acylamide 89 was selective for TRPV1

and did not show activity towards other TRP channels as TRPV2 and TRPA1.
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4.5.2. FAAH inhibition evaluation

The inhibitory behaviour in the FAAH enzyme of each new long chain N-vanillyl acylamide
previously synthetized in chapter 3 was determined using a radiometric assay. This assay was carried
out by measuring the effect of increasing concentrations of these compounds on the enzymatic
hydrolysis of [**Clanandamide using membranes prepared from frozen brains of CD rats.** The test
compounds were incubated with the membranes (70-100 pg) and [**Clanandamide (10000 cpm, 1.8
1M) in 50 mM Tris-HCl, pH 9, for 30 min at 37 °C. [**C]Ethanolamine produced was used to calculate
FAAH activity and was measured by scintillation counting of the aqueous phase after extraction of

the incubation mixture with 2 volumes of CHCl;/CH;0H (1:1 by volume) (Scheme 4.1).

Extraction (1/(/\
I \

Homogenization

FAAH HO A~

[1,2-14C]AEA

Incubate at 37 °C

OH
*

Arachidonic acid

14 :
7 [1,2-*"C]ethanolamine

Stop the reaction on ice

Extraction MeOH/CH;CI

HO * Centrifuge
\/\NH2 ——® Analysis in liquid scintillation counter
*

Scheme 4.1. The assay for FAAH activity carried out in this work. The asterisk indicates the position of the “c.

Data are expressed as the concentration exerting a half-maximal inhibition (ICs). The efficacy
was calculated as a percentage of the effect obtained with URB597, which is an inhibitor of FAAH (0.1

p1M). Table 4.5 shows the ICsq values determined for each compound, as well as their efficacy.

203



Chapter 4

Table 4.5. Summary of the FAAH biological data of new LCNVAs synthetized determined by scintillation.®

Entry Compound ICso (UM) Efficacy”
1 75 19.34+7.24 84.96
2 76 >10 1.17+1.17
3 77 >10 33.44+£12.31
4 78 ~10 51.62+3.62
5 79 27.78+£11.00 74.00
6 80 16.22+6.15 85.00
7 81 6.00+1.17 63.21+4.96
8 82 >10 5.20+£0.93
9 83 >10 9.28+1.20
10 84 >10 25.2719.90
11 85 >10 4.77+4.16
12 86 3.08+0.92 84.22+0.33
13 87 4.19+0.09 69.02+1.45
14 88 4.06£0.98 73.8810.43
15 89 4.49+1.17 65.68+3.02
16 20 >10 1.66%0.16
17 91 20.06%6.02 82.81
18 92 4.17+0.16 68.9619.65
19 93 >10 0.00
20 94 >10 1.13+1.12
21 95 >10 33.20t£1.84
22 926 >10 6.62+4.57

Data are means +SEM of n=2 determinations.

b . .
% at maximal tested concentration.

As can be seen from Table 4.5, only half of the new synthesized compounds presented FAAH
inhibitory activity. Most FAAH inhibitors utilize electrophilic carbonyls to achieve potency.®”’ Because
electrophilic ketones/carbamates typically inhibit serine hydrolases by formation of either a
reversible or irreversible covalent adduct with the conserved serine nucleophile, these agents may
interact with multiple members of this large enzyme class. The relative potency of the inhibitors
depends of the electrophilic behaviour of the ketone. The more electrophilic the ketone is, the more
inhibition is achieved. This hypothesis could explain the activity values showed by our ketones. The

o,B-unsaturated ketone 75 showed more activity than other ketones such as 76 and 95, which
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presented >10 uM potency. The non-conjugation of the ketone 78 improved the activity respecting
75 but was in detrimental of the efficacy. The presence of an unsaturated diketone 76 resulted in an

improvement of the inhibition of [**Clanandamide hydrolysis either.

The rinvanil Z-isomer 77 was not active, which was in accordance with the literature. The
incorporation of the Z double bond increases the potency of the inhibitors, and its replacement with

a E-double bond or its removal results in incremental reductions in potency.®®

The ketones with O-substituents in the B-position 79 and 80 showed activity and good
efficacies in FAAH enzyme, while the presence of S-substituents 82-85 is detrimental to the inhibitory
activity. The higher electronegativity of the oxygen atom than the sulphur atom provided higher
electrophilicity to the ketone and thus, improved the inhibition. However, the presence of a 1,2,3-
triazole ring 81 gave better potency values. This behaviour could be explained by the electronic
structure of the 1,2,3-triazole ring. The three nitrogen atoms of the 1H-1,2,3-triazole cause a strong
polarization of the aromatic it and it produces that the nitrogen atom in the 1-position is positively

charged.®”*

It seems that the presence of a heterocycle ring in the side-chain brought activity to the
molecules as is observed in the cases of 86-89. 86 was the compound with the highest activity and
inhibition efficacy among all compounds with constrained conformation in the side-chain. The N-
phenylpyrazole amide 87 showed lower activity and efficacy than the N-methylpyrazole 86. The
isoxazole mixture 88 and the furan 89 derivatives exhibited equipotent antagonistic activities
compared to 87. These data revealed the sort of heterocyclic ring in the side-chain did not influence
critically the activity of the N-vanillyl acylamides on FAAH unlike the a-ketoheterocycles inhibitors.”*
7% Special attention should be paid to compound 89, which behaves as FAAH inhibitor (ICsp=4.49+1.17
pUM) and TRPV1 agonist (EC50=0.24+0.02 nM). In the case where the aromatic ring is a substituent of
the side chain and not forming part of it 81, the values of potency and efficacy decreased slightly but
were maintained in the order of the above values. The B-epoxyketone 91 gave lower potency than
the rest of heterocycles amides; however the presence of the azetidine ring 90 in the lipophilic part

resulted in a decrease of potency and efficacy.

With respect the lesquerolic acid, amide 92 and all their derivatives (esters 93 and 94,
unsaturated 95 and saturated ketone 96) did not present FAAH inhibitory activity except 92, which
was active but its efficacy was practically null. None of the acyllesquevanils 93 and 94, which had

shown good activities as TRPV1 agonists, behaved as FAAH inhibitors. Homoallylic alcohol and ester
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functionalities did not show FAAH activity although they are good motifs for the agonism at TRPV1.
Finally, the activity was lost when a,B-unsaturated ketone 95 was combined with an increase in the

side chain.

In summary, the presence of a heterocycle ring in the side-chain might be suitable for the
interaction with FAAH enzyme. Compound 86 showed the best results of the whole series. The furan
amide 89 seems to serve as a good template for the design of new compounds with “dual” action as

TRPV1 agonist and FAAH inhibitor.
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4.6. CONCLUSIONS

In the present chapter, we have described the pharmacological evaluation of the 22 new long
chain N-vanillyl acylamides synthesized. Compound 89 exhibited the highest capability of activing
TRPV1 and inhibiting FAAH. Moreover, compound 89 showed poor activity for the TRPV2 and TRPA1

receptor, so it can be said to be selective for TRPV1 and FAAH.
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5.1. GENERAL METHODS

Reactions requiring anhydrous conditions were performed in blazed or oven-dried glassware
using anhydrous solvents and under inert atmosphere (argon). The solvents and reagents were
purchase from Acros Organics, Sigma Aldrich, Fluka, Merk, Panreac, Strem Chemicals or TCI
Chemicals. Petroleum ether, EtOAc and MeOH were used without further purification. In case of
anhydrous reactions, solvent and reagents were properly dried: MeCN was dried over activated
molecular sieves 3 A,* acrolein, 2-methyl vinyl ketone, ethyl acrylate and allyl acrylate were distilled

at atmospheric pressure and used immediately.

Saponification and transesterification reactions were carried out using a Discover LabMate
microwave reactor (CEM, Matthews, USA). Scaling up of oxidative cleavage was carried out using

Milestone Pyro 320 Touch Control.

The continuous flow system consisted in a combination of FRX Pump Module and an etched
glass chip microreactor of 250 uL of 3 inputs (Syrris Ltd, Royston, UK). The glass chip was placed on a
digitally controlled RCT basic hotplate (IKA-Werke GmbH&Co., KG, Staufen, Germany) with an

external Pt 100 sensor for optimum control of temperature.

The reactions were monitored by TLC on Silica Gel 60F-254 precoated plates (Merck).
Visualization of the compounds was made by UV light (254 nm) and stained was performed either by
immersion in a 5% solution of concentrated H,SO, in methanol or 5% w/v phosphomolibdic acid in

ethanol followed by heating.

Flash column chromatography was performed over silica gel (technical grade, 60 A, 40-63

pum) (Sigma Aldrich) under air pressure.

NMR spectra were recorded on a MERCURYplus AS400 MHz Varian spectrometer using TMS
as the internal standard when needed. Chemical shifts are reported in parts per million (ppm, &
units). Coupling constants (J) are reported and expressed in hertz (Hz), splitting patterns are
designated as: br (broad), s (singlet), d (doublet), dd (double doublet), t (triplet), g (quartet), dt
(double triplet), td (triple doublet), ddd (double double doublet) and m (multiplet). All *C NMR

spectra were proton decoupled.

GC analyses were performed on an Agilent HP6890 series gas chromatograph coupled with a

flame ionization detector.
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High resolution mass spectra (HR-MS) were recorded on at the Serveis Cientificotécnics of
Universitat de Lleida (SCT-UdL) and Servei de Recursos Cientifics i Técnics of Universitat Rovira |
Virgili (URV) with an Agilent G6510AA Q-TOF MS spectrometer in positive electrospray ionisation
(ESI") and Agilent LC1200 Series coupled to MS6210 TOF spectrometer in electrospray ionisation

(ESI) respectively. Mobile phase was composed of MeCN/MeOH 50:50. Flow rate: 0.6 mL/min.

Infrared spectra were recorded on Jasco FT-IR 6300 using a diamond ATR crystal cell or NaCl

cell using CS, as solvent.
Melting points were measured using Gallenkamp capillary apparatus and are uncorrected.

Optical rotations were measured at 20 °C with a Perkin Elmer 241 nc polarimeter (A=589 Na,
path length 1 dm). Some recorded values were within the error limit of the polarimeter and

therefore were not possible to determine them. They are indicated as [a]é°<1°.
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5.2. GENERAL PROCEDURES

5.2.1. General procedure for saponification

Vegetable oil and 50% w/v aqueous solution of NaOH (1 equiv.) were placed in a pressure
vial. The vial was microwave irradiated (100W) at 150 °C for 10 min. The mixture was acidified until
pH 1 with 6 M HCI, and extracted with EtOAc. The organic layer was recovered, washed with H,0,

dried over anhydrous Na,SO, and filtered. The solvent was evaporated under reduced pressure.

5.2.2. General procedure for esterification

To a 1 M solution of the corresponding fatty acid in MeOH was added 98% H,SO, (0.1% w/v).
The reaction mixture was stirred at reflux for 24 h. The mixture was taken up in H,O and extracted
into Et,0. The organic phase was dried over anhydrous Na,SO,, filtered and the solvent was

evaporated under reduced pressure.

5.2.3. General procedure for ruthenium (l1)-catalyzed alcohol oxidation

To a 0.1 M solution of the corresponding homoallylic fatty acid in anhydrous toluene was
added acrolein freshly distilled (3 equiv.) and the Shvo’s catalyst 6 (0.5% mol). The reaction mixture
was purgued with N, and stirred under reflux for 30 min. The solvent was evaporated under reduced
pressure. The crude reaction mixture was purified by silica gel column chromatography or by

recrystallization.

5.2.4. General procedure for enzymatic ester hydrolysis

To a 0.35 M solution of the corresponding methyl ester in H,O/tert-BuOH 1:4 was added
Novozym 435® (50% w/w). The reaction mixture was stirred at 45 °C for 24 h. The mixture was

filtered and the solvent was evaporated under reduced pressure.

5.2.5. General procedure for amide coupling

To a 0.07 M solution of starting material in anhydrous DMF was added HATU (1.5 equiv.). The
reaction mixture was stirred at room temperature for 30 min. Then the corresponding amine salt (1.1
equiv.) and DIPEA (3 equiv.) were added successively. The reaction mixture was stirred at room
temperature for 24 h. The mixture was taken up in brine and extracted into EtOAc. The organic

extract was washed sequentially with 1 M HCI, saturated NaHCO; and brine. The organic phase was
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dried over anhydrous Na,S0O,, filtered and the solvent was evaporated under reduced pressure. The

residue was purified by silica gel column chromatography.

5.2.6. General procedure for chemical ester hydrolysis

To a 0.2 M solution of the starting material in THF/H,0 1:1 was added LiOH-H,0 (3 equiv.).
The reaction mixture was stirred at room temperature for 20 h. The mixture was acidified until pH 1
with 1 M HCI, and extracted with DCM. The organic layer was recovered, washed with H,0, dried

over anhydrous Na,SO, and filtered. The solvent was evaporated under reduced pressure.

5.2.7. General procedure for alcohol oxidation

To a 0.3 M solution of the corresponding homoallylic fatty acid in DCM was added pyridine
(12 equiv.) and CrO; (6 equiv.). The mixture was vigorously stirred at room temperature for 2 h. The
reaction mixture was filtered over Celite® and washed with 1 M HCI. The organic phase was dried
over anhydrous Na,SQ,, filtered and the solvent was evaporated under reduced pressure. The crude

reaction mixture residue was purified by silica gel column chromatography.

5.2.8. General procedure for Michael addition

To a 0.07 M solution of (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 in
MeOH/H,0 1:1 was added the corresponding thioacid (3 equiv.) and NaHCO; (0.04 equiv.). The
reaction mixture was stirred at 70 °C for 20 h. The solvent was evaporated under reduced pressure.

The residue was purified by silica gel column chromatography.

5.2.9. General procedure for DCC-mediated esterification

To a 0.05 M solution of (R,Z)-N-(3-{[tert-butyl(dimethyl)silylJoxy}-4-methoxybenzyl)-14-
hydroxyeicos-11-enamide 141 in anhydrous toluene was added DCC (2.6 equiv.), DMAP (1.6 equiv.)
and the corresponding acid (1.2 equiv.). The reaction mixture was stirred at room temperature for 3
h. The reaction was filtered and the solvent was evaporated under reduced pressure. The crude was
taken up in 1 M HCl and extracted into EtOAc. The organic phase was dried over anhydrous Na,SO,,
filtered and the solvent was evaporated under reduced pressure. The residue was purified by silica

gel column chromatography.
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5.2.10. General procedure for TBDMS deprotection

To a 0.03 M solution of the starting material in anhydrous THF was added TBAF (1.5 equiv. of
a commercial 1 M solution in THF). The reaction mixture was stirred at room temperature for 4 h.
EtOAc was added and the organic extract was washed sequentially with 1 M HCI and brine. The
organic phase was dried over anhydrous Na,SO,, filtered and the solvent was evaporated under

reduced pressure. The residue was purified by silica gel column chromatography.
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5.3. COMPOUND DESCRIPTION

Ricinoleic acid (1a)

HO

Chemical Formula: C;3H5,0;
MW=298.46 g-mol™
[141-22-0]
Hydrolysis of castor oil 5a (100 mg, 0.11 mmol) was performed according to the general procedure
5.2.1. for saponification using 50% w/v NaOH (0.5 mL, 6.25 mmol) to yield the fatty acid 1a as a
yellowish oil (98 mg, quantitative). The percentage of ricinoleic acid 1a in the oil was assessed by 'H
NMR using dimethylsulphone as internal standard (82%). The spectral data were in accordance with

the literature:?

'H NMR (400 MHz, CDCl3) 6 = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.25 — 1.37 (m, 16H, CH,), 1.43 — 1.50 (m,
2H, CH,), 1.58 — 1.68 (m, 2H, CH,), 2.04 (q, 2H, J = 6.4 Hz, H-8), 2.21 (t, 2H, J = 6.9 Hz, H-2), 2.34 (t, 2H,
J=6.9 Hz, H-11), 3.57 = 3.67 (m, 1H, CHOH), 5.33 — 5.44 (m, 1H, H-10), 5.50 — 5.61 (m, 1H, H-9).

3C NMR (101 MHz, CDCl3) 6 = 14.19 (CHs), 22.72 (CH,), 24.84 (CH,), 25.76 (CH,), 27.42 (CH,), 29.07
(CH,), 29.11 (CHy), 29.15 (CH,), 29.44 (CH,), 29.59 (CH,), 31.93 (CH,), 34.34 (C-2), 35.29 (CH,), 36.78
(CH,), 71.77 (CHOH), 125.27 (C-10), 133.28 (C-9), 179.52 (COOH).

IR (ATR) v =2927, 2855, 1725, 1454, 1382, 1192, 1143, 841, 708 cm™".

[a]§°=+6.5° (c 2, acetone)

(E)-12-Oxooctadec-10-enoic acid (1d)

9 11

HO =

2 10

0]

Chemical Formula: C;5H3,05
MW=296.44 g-mol™
[69727-30-6]°
Oxidation of ricinoleic acid 1a (500 mg, 1.68 mmol) was performed according to the general
procedure 5.2.3. for ruthenium (ll)-catalyzed alcohol oxidation using Shvo’s catalyst 6 (9 mg, 8 umol)
and acrolein freshly distilled (420 pL, 5.04 mmol) in anhydrous toluene (15 mL) to obtain a mixture of

oxidized compounds. The residue was dissolved in hot petroleum ether (20 mL), allowed to stand at
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room temperature for 1 h and the insoluble material removed by filtration. The filtrate was cooled at
-30 °C, the precipitate was collected by vacuum filtration and recrystallized from 70% aqueous

solution of EtOH, yielding the enone 1d (300 mg, 60%) as a white solid. mp=50-51 °C.

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.25 — 1.34 (m, 14H, CH,), 1.41 — 1.51 (m,
2H, CH,), 1.55 — 1.68 (m, 4H, CH,), 2.20 (g, 2H, J = 6.4 Hz, H-9), 2.35 (t, 2H, J = 6.9 Hz, H-2), 2.52 (t, 2H,
J=6.9 Hz, COCH,), 6.09 (dt, 1H, J = 15.9, 1.5 Hz, H-11), 6.82 (dt, 1H, J = 15.9, 6.9 Hz, H-10).

3C NMR (101 MHz, CDCl3) & = 14.20 (CHs), 22.67 (CH,), 24.47 (CH,), 24.77 (CH,), 28.19 (CH,), 29.09
(CH,), 29.15 (CH,), 29.20 (CH,), 29.21 (CH,), 29.27 (CH,), 31.78 (CH,), 32.56 (CH,), 34.02 (C-2), 40.27
(COCH,), 130.47 (C-11), 147.48 (C-10), 179.22 (COOH), 201.34 (COCH,).

IR (ATR) v=3029, 2925, 2917, 2850, 2645, 1689, 1628, 1285, 974, 723, 681 cm™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C,gH3305 297.2424; Found 297.2435.

Methyl ricinoleate (10a)

0 OH
9 10 =
N prm—
2 8 11

Chemical Formula: C;gH;¢0;
MW=312.49 g-mol™
[141-24-2]

Esterification of ricinoleic acid 1a (500 mg, 1.67 mmol) was performed according to the general
procedure 5.2.2. for esterification using 98% H,SO,4 (100 pL) in MeOH (5 mL) to yield the methyl ester
10a (365 mg, 70%) as a yellow oil after purification by silica gel column chromatography (petroleum
ether/Et,0 9:1). R=0.54 (petroleum ether/Et,0 8:2). The spectral data were in accordance with the

literature:*

'H NMR (400 MHz, CDCl3) 6 = 0.88 (t, 3H, J = 6.9 Hz, CH), 1.25 — 1.36 (m, 16H, CH,), 1.43 — 1.48 (m,
2H, CH,), 1.59 — 1.66 (m, 2H, CH,), 2.05 (q, 2H, J = 6.4 Hz, H-8), 2.21 (t, 2H, J = 6.9 Hz, H-2), 2.30 (t, 2H,
J=6.9 Hz, H-11), 3.57 — 3.65 (m, 1H, CHOH), 3.66 (s, 3H, CH0), 5.36 — 5.45 (m, 1H, H-10), 5.52 — 5.60
(m, 1H, H-9).

C NMR (101 MHz, CDCl;) & = 14.18 (CH3), 22.72 (CH,), 25.01 (CH,), 25.81 (CH,), 27.46 (CH,), 29.17
(2xCHy), 29.21 (CH,), 29.45 (CH,), 29.66 (CH,), 31.94 (CH,), 34.17 (C-2), 35.42 (CH,), 36.91 (CH,), 51.56
(CH30), 71.61 (CHOH), 125.33 (C-10), 133.36 (C-9), 174.45 (COOCH,).

IR (ATR) v=3439, 2925, 2854, 1740, 1457, 1436, 1171, 1017, 857, 724 cm™.
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[a]2’=+7.1° (c 1.7, MeOH)

Methyl (E)-12-oxooctadec-10-enoate (10d)

0]

9 11

0] =

2 10

0]

Chemical Formula: C;gH3,05
MW=310.47 g-mol™
[21308-79-2]

Oxidation of methyl ricinoleate 10a (500 mg, 1.60 mmol) was performed according to the general
procedure 5.2.3. for ruthenium (ll)-catalyzed alcohol oxidation using Shvo’s catalyst 6 (9 mg, 8 umol)
and acrolein freshly distilled (390 uL, 4.80 mmol) in anhydrous toluene (15 mL) to yield the enone
10d (348 mg, 70%) as a yellowish oil after purification by silica gel column chromatography
(petroleum ether/Et,0 95:5). R=0.50 (petroleum ether/Et,0 9:1). The spectral data were in

accordance with the literature:®

'H NMR (400 MHz, CDCl5) 6 = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.25 — 1.34 (m, 14H, CH,), 1.41 — 1.49 (m,
2H, CH,), 1.57 — 1.66 (m, 4H, CHy), 2.20 (q, 2H, J = 6.4 Hz, H-9), 2.30 (t, 2H, J = 6.9 Hz, H-2), 2.52 (t, 2H,
J=6.9 Hz, COCH,), 3.67 (s, 3H, CH;0), 6.08 (dt, 1H, J = 15.9, 1.5 Hz, H-11), 6.80 (dt, 1H, J = 15.9, 6.9
Hz, H-10).

3C NMR (101 MHz, CDCl3) & = 14.17 (CHs), 22.64 (CH,), 25.02 (CH,), 28.21 (CHy), 29.23 (CH,), 29.23
(5XCH,), 31.76 (CH,), 32.54 (CH,), 34.19 (C-2), 40.24 (COCH,), 51.57 (CH;0), 130.45 (C-11), 147.37 (C-
10), 174.40 (COOCHs), 201.15 (COCH,).

IR (ATR) v=2927, 2855, 1736, 1709, 1436, 1195, 1169, 1104, 979, 880, 752 cm™.

Lesquerolic acid (12a)

HO

Chemical Formula: C,pH3505
MW=326.51 g-mol™
[4103-20-2]°
Hydrolysis of lesquerella oil 11a (200 mg, 0.2 mmol) was performed according to the general
procedure 5.2.1. for saponification using an aqueous solution of NaOH (50% w/v, 0.9 mL, 11.4 mmol)

to yield the fatty acid 12a as an orange oil (190 mg, quantitative). The percentage of lesquerolic acid
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12a in the oil was assessed by 'H NMR using dimethylsulphone as internal standard (72%). The

spectral data were in accordance with the literature:®

'H NMR (400 MHz, CDCl3) 6 = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.26 — 1.34 (m, 20H, CH,), 1.44 — 1.49 (m,
2H, CH,), 1.59 — 1.66 (m, 2H, CH,), 2.05 (q, 2H, J = 6.4 Hz, H-10), 2.22 (t, 2H, J = 6.9 Hz, H-2), 2.34 (t,
2H, J = 6.9 Hz, H-13), 3.59 — 3.67 (m, 1H, CHOH), 5.34 — 5.45 (m, 1H, H-12), 5.52 — 5.61 (dd, 1H, J =
18.1, 7.2 Hz, H-11).

3C NMR (101 MHz, CDCls) 6 = 14.23 (CH,), 22.75 (CH,), 24.96 (CH,), 25.83 (CH,), 27.55 (CH,), 29.22-
29.83 (8xCH,), 31.96 (CH,), 34.16 (C-2), 36.72 (CH,), 71.76 (CHOH), 125.18 (C-12), 147.01 (C-11),
173.48 (COOH).

IR (ATR) v=2923, 2854, 1709, 1458, 1408, 1282, 1190, 1084, 935, 724 cm™.

[a]3’=+6° (c 1.6, CHCl5)

(E)-14-Oxoeicos-12-enoic acid (12d)

11 13

HO =z

2 12

Chemical Formula: C,oH305
MW=324.50 g-mol™
Oxidation of lesquerolic acid 12a (100 mg, 0.31 mmol) was performed according to the general
procedure 5.2.3. for ruthenium (ll)-catalyzed alcohol oxidation using Shvo’s catalyst 6 (1.6 mg, 0.5%
mol) and acrolein freshly distilled (75 pL, 0.93 mmol) in anhydrous toluene (3.2 mL) to obtain a
mixture of oxidized compounds. The residue was dissolved in hot petroleum ether (10 mL), allowed
to stand at room temperature for 1 h and the insoluble material removed by filtration. The filtrate
was cooled at -30 °C, the precipitate was collected by vacuum filtration and recrystallized from

petroleum ether, yielding the enone 12d (50 mg, 50%) as a white solid. mp=58-59 °C.

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CH,), 1.25 — 1.34 (m, 18H, CH,), 1.41 — 1.50 (m,
2H, CH,), 1.55 — 1.67 (m, 4H, CH,), 2.20 (q, 2H, J = 6.4 Hz, H-2), 2.35 (t, 2H, J = 6.9 Hz, H-10), 2.52 (t,
2H, J = 6.9 Hz, COCH,), 6.09 (dt, 1H, J = 15.9, 1.5 Hz, H-13), 6.82 (dt, 1H J = 15.9, 6.9 Hz, H-12).

3C NMR (101 MHz, CDCl3) & = 14.18 (CHs), 22.65 (CH,), 24.47 (CH,), 24.80 (CH,), 28.23 (CH,), 29.13
(CH,), 29.15 (CH,), 29.29 (CH,), 29.32 (CH,), 29.46 (CH,), 29.49 (CH,), 29.54 (CH,), 31.76 (CH,), 32.58
(CH,), 34.16 (C-2), 40.22 (COCH,), 130.43 (C-13), 147.60 (C-12), 179.97 (COOH), 201.37 (COCH,).

IR (ATR) v=3108, 3047, 2953, 2912, 2848, 1690, 1633, 1470, 1298, 975, 899, 716 cm™.
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HR-MS (ESI*): m/z: [M+K]" Calcd. for CyoH30:K 363.2269; Found 363.2301.

Methyl lesquerolate (13a)

2 10 13
Chemical Formula: C,;H,003
MW=340.54 g-mol*
[4102-96-9]

Esterification of lesquerolic acid 12a (100 mg, 0.31 mmol) was performed according to the general
procedure 5.2.2. for esterification using 98% H,SO, (10 uL) in MeOH (310 pL) to yield the methyl
ester 13a (73 mg, 70%) as an orange oil after purification by silica gel column chromatography
(petroleum ether/Et,0 9:1). R=0.56 (petroleum ether/Et,0 8:2). The spectral data were in

accordance with the literature:’

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CH;), 1.25 — 1.32 (m, 20H, CH,), 1.44 — 1.48 (m,
2H, CH,), 1.59 — 1.64 (m, 2H, CH,), 2.05 (q, 2H, J = 6.4 Hz, H-10), 2.21 (t, 2H, J = 6.9 Hz, H-2), 2.30 (t,
2H, J = 6.9 Hz, H-13), 3.58 — 3.63 (m, 1H, CHOH), 3.66 (s, 3H, CH;0), 5.36 — 5.44 (m, 1H, H-12), 5.52 —

5.61 (m, 1H, H-11).

3C NMR (101 MHz, CDCl3) & = 14.20 (CH;), 22.73 (CHy), 25.05 (CH,), 25.82 (CH,), 27.52 (CH,), 29.24
(CH,), 29.34 (CH,), 29.38 (CH,), 29.46 (CH,), 29.49 (CH,), 29.55 (CH,), 29.76 (CH,), 31.95 (CH,), 34.22
(C-2), 35.41 (CH,), 36.90 (CH,), 51.59 (CH;0), 71.68 (CHOH), 125.21 (C-12), 133.56 (C-11), 174.54
(COOCHs).

IR (ATR) v=2922, 2853, 1741, 1458, 1435, 1362, 1170, 1079, 1029, 855, 723 cm™.

[a]2’=+10.1° (c 1.8, MeOH)

Methyl (E)-14-oxoeicos-12-enoate (13d)

2 12

Chemical Formula: C,,H3505
MW=338.52 g-mol™

Oxidation of methyl lesquerolate 13a (384 mg, 1.13 mmol) was performed according to the general
procedure 5.2.3. for ruthenium (ll)-catalyzed alcohol oxidation using Shvo’s catalyst 6 (6 mg, 5.6

pmol) and acrolein freshly distilled (275 pL, 3.4 mmol) in anhydrous toluene (11 mL) to yield the
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enone 13d (203 mg, 53%) as a colorless oil after purification by silica gel column chromatography

(petroleum ether/Et,0 94:6). R=0.49 (petroleum ether/Et,0 9:1).

'H NMR (400 MHz, CDCl3) 6 = 0.87 (t, 3H, J = 6.9 Hz, CH), 1.24 — 1.31 (m, 18H, CH,), 1.40 — 1.49 (m,
2H, CH,), 1.55 — 1.65 (m, 4H, CH,), 2.19 (q, 2H, J = 6.4 Hz, H-2), 2.29 (t, 2H, J = 6.9 Hz, H-11), 2.51 (t,
2H, J = 6.9 Hz, COCH,), 3.65 (s, 3H, CH;0), 6.07 (dt, 1H, J = 15.9, 1.5 Hz, H-13), 6.81 (dt, 1H, J = 15.9,
6.9 Hz, H-12).

3C NMR (101 MHz, CDCl5) 6 = 14.18 (CH,), 22.65 (CH,), 24.45 (CH,), 25.07 (CH,), 28.24 (CH,), 29.13
(CH,), 29.25 (CH,), 29.30 (CHy), 29.35 (CH,), 29.48 (CH,), 29.51 (CH,), 29.56 (CH,), 31.76 (CH,), 32.58
(CH,), 34.22 (C-2), 40.24 (COCH,), 51.58 (CH;0), 130.44 (C-13), 147.47 (C-12), 174.46 (COOCH;),
201.20 (COCH,).

IR (ATR) v=2925, 2855, 1735, 1707, 1436, 1170, 1104, 935, 724 cm™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for C,;H3903 339.2867; Found 339.2896.

Sebacic acid (14)

3
OH

0]
Chemical Formula: C;4H130,4
MW=202.25 g-mol™
[111-20-6]

To a 0.18 M solution of (E)-12-oxo0-10-octadecenoic acid 12a (1g, 3.37 mmol) in MeCN/H,0 (3:1) was

added Oxone™ (4.15 g, 6.75 mmol) and NalO, (1.08 g, 5.06 mmol). The mixture was stirred at reflux
for 24 h. Then, a volume of 24 mL of H,0 was added and the mixture was stirred at reflux for 2h. The
reaction mixture was filtered and was extracted with EtOAc (4x20 mL). The organic phase was dried
over anhydrous Na,SO,, filtered and the solvent was evaporated under reduced pressure. The crude
reaction mixture residue was recrystallized in hot H,0 to obtain the sebacic acid 14 (228.1 mg, 41%)

as a white solid. mp=133-137 °C. The spectral data were in accordance with the literature:®

'H NMR (400 MHz, (CD3),C0) & = 1.29 — 1.37 (m, 8H, CH,), 1.53 — 1.63 (m, 4H, H-3), 2.27 (t, J = 6.9 Hz,
4H, H-2), 10.38 (br s, 2H, COOH).

IR (ATR) v=3024, 1932, 2917, 2869, 2850, 2662, 1685, 1407, 1297, 1187, 923,676 cm ™.
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(E)-4-Hydroxy-3-methoxybenzaldehyde oxime (98)

2

0 _OH

7~ l\N

HO” 4 6

5
Chemical Formula: CgHgNO;
MW=167.16 g-mol*
[2874-33-1]
Hydroxylamine hydrochloride (2.37 g, 34.0 mmol) in H,O (10 mL) and sodium acetate trihydrate (4.48
g, 32.9 mmol) in H,0 (10 mL) were successively added to a solution of vanillin 97 (5.00 g, 32.9 mmol)
in H,0 (30 mL). The reaction mixture was stirred at 80 °C for 2 h. The crude reaction was extracted
with EtOAc, the organic layer was dried over anhydrous Na,SO, and filtered. The solvent was

evaporated under reduced pressure to yield the oxime 98 (5.26 g, 97%) as a white-off solid. mp=118-

119 °C. The spectral data were in accordance with the literature:’

'H NMR (400 MHz, (CD5),SO) & = 3.77 (s, 3H, CH0), 6.78 (d, 1H, J = 8.1 Hz, H-5), 6.97 (dd, 1H, J = 8.1,
1.9 Hz, H-6), 7.16 (d, 1H, J = 1.9 Hz, H-2), 7.99 (s, 1H, CH=N), 9.33 (s, 1H, OH), 10.84 (s, 1H, N-OH).

3C NMR (101 MHz, (CD3),S0) & = 55.49 (CH;0), 109.20 (C-2), 115.48 (C-5), 120.51 (C-6), 124.46 (C-1),
147.84 (C-4), 148.00 (C-3), 148.09 (CH=N).

IR (ATR) v=3444, 3213, 3008, 2941, 1596, 1513, 1428, 1027, 969 cm™.

4-Hydroxy-3-methoxybenzylamine hydrochloride (99)

2

o)
HO 4 6

5

Chemical Formula: CgH,,CINO,
MW=189.64 g-mol™
[7149-10-2]
A volume of 37% HCI (20 mL, 0.26 mol) and Pd/C (10 wt. % loading) (20% w/w, 1.05 g) were added to
a solution of (E)-4-hydroxy-3-methoxybenzaldehyde oxime 98 (5.2 g, 0.03 mol) in EtOH (150 mL). The
reaction mixture was hydrogenated at 1 atm at room temperature for 24 h. The crude reaction was
filtered over Celite® and the solvent volume was reduced under pressure. The residue was
crystallised from EtOAc and filtered to yield the amine hydrochloride salt 99 (4.2 g, 74%) as a white

solid. mp=219-222 °C. The spectral data were in accordance with the literature:™
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'H NMR (400 MHz, (CD3),S0) & = 3.77 (s, 3H, CH;0), 3.83 — 3.90 (m, 2H, CH,NH,), 6.79 (d, 1H, J = 8.1
Hz, H-5), 6.85 (dd, 1H, J = 8.1, 1.9 Hz, H-6), 7.18 (d, 1H, J = 1.9 Hz, H-2), 8.40 (br, s, 3H, NH,, HCl), 9.19
(s, 1H, OH).

3C NMR (101 MHz, (CD5),SO) & = 42.18 (CH,), 55.69 (CH;0), 113.44 (C-2), 115.26 (C-5), 121.73 (C-6),
124.64 (C-1), 146.80 (C-4), 147.51 (C-3).

IR (ATR) v=3112, 3024, 2805, 1763, 1377, 1033, 828, 670 cm ™.

(E)-N-(4-Hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide (75)

0]

Chemical Formula: C;gH;;NO,

MW=431.61 g-mol™
Amidation of (E)-12-oxo-10-octadecenoic acid 1d (100 mg, 0.34 mmol) was performed according to
the general procedure 5.2.5. for amide coupling using HATU (193 mg, 0.51 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (57 mg, 0.37 mmol) and DIPEA (177 uL, 1.0 mmol) in
anhydrous DMF (5 mL) to yield the amide 75 (85 mg, 60%) as a white solid after purification by silica
gel flash column chromatography (petroleum ether/EtOAc 7:3). Ri=0.48 (petroleum ether/EtOAc 4:6).
mp=64-66 °C.

'H NMR (400 MHz, CDCl3) & = 0.87 (t, 3H, J = 6.9 Hz, CH;), 1.24 — 1.31 (m, 14H, CH,), 1.39 — 1.48 (m,
2H, CH,), 1.54 — 1.69 (m, 4H, CH,), 2.14 — 2.23 (m, 4H, H-2, H-9), 2.51 (t, 2H, J = 6.9 Hz, COCH,), 3.86
(s, 3H, CH30), 4.34 (d, 2H, J = 5.7 Hz, CH,NH), 5.75 (s, 1H, OH, CH,NH), 6.08 (d, 1H, J = 15.9 Hz, H-11),
6.72 —6.89 (m, 4H, Hy,, H-10).

3C NMR (101 MHz, CDCl3) & = 14.18 (CHs), 22.65 (CH,), 24.43 (CH,), 25.85 (CH,), 28.17 (CH,), 29.12
(CH,), 29.19 (CH,), 29.31 (CH,), 29.33 (CH,), 29.36 (CH,), 31.76 (CH,), 32.52 (CH,), 36.93 (C-2), 40.25
(COCH,), 43.65 (CH,NH), 56.05 (CH;0), 110.82 (C-2’), 114.49 (C-5’), 120.90 (C-6’), 130.45 (C-1’),
130.48 (C-11), 145.23 (C-4’), 146.81 (C-3’), 147.44 (C-10), 173.01 (NHCO), 201.28 (COCH,).

IR (ATR) v=3301, 2913, 2849, 1644, 1554, 1271, 1154, 1038, 714 cm™.

HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,gHsNO,Na 454.2928; Found 454.2929.
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Methyl (E)-9,12-dioxooctadec-10-enoate (112)

0] 0]
11 13

~o 9/12

2 8 10

Chemical Formula: C19I-(|)3,204
MW=324.45 g-mol*
[91482-34-7]
A solution of methyl (E)-12-oxooctadec-10-enoate 1d (1g, 3.22 mmol) in DCM (6 mL) was slowly
added to a solution of CrO; (1.93 g, 19 mmol) and pyridine (3.1 mL, 39 mmol) in DCM (6 mL). The
reaction mixture was vigorously stirred at room temperature for 3 h. The crude reaction was filtered
over Celite® and washed with 1 M HCI. The organic phase was dried over anhydrous Na,SO,, filtered
and the solvent was evaporated under reduced pressure to yield the 9,12-diketone 112 (650 mg,
61%) as a white solid after purification by silica gel column chromatography (petroleum ether/Et,0
95:5). R=0.44 (petroleum ether/Et,0 9:1). mp=56-59 °C. The spectral data were in accordance with

the literature:™

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.26 — 1.34 (m, 12H, CH,), 1.58 — 1.66 (m,
6H, CH,), 2.29 (t, 2H, J = 6.9 Hz, H-2), 2.63 (t, 4H, J = 6.9, H-8, H-13), 3.66 (s, 3H, CH:0), 6.86 (s, 2H, H-
10, H-11).

3C NMR (101 MHz, CDCl5) § = 14.14 (CHs), 22.60 (CH,), 23.76 (CH,), 23.85 (CH,), 24.97 (CH,), 28.94
(CH,), 29.04 (2xCH,), 29.13 (CH,), 31.68 (CH,), 34.16 (C-2), 41.70 (C-8), 41.80 (C-13), 51.60 (CH;O),
136.34 (C-11), 136.42 (C-10), 174.35 (COOCH;), 200.83 (C-9), 200.95 (C-12).

IR (ATR) v=2954, 2926, 2851, 1728, 1675, 1379, 1170, 975, 882, 722 cm™.

(E)-9,12-dioxooctadec-10-enoic acid (113)

0 0
HO 9
Chemical Formula: CygH3,04
MW=310.43 g-mol*
[28833-56-9]"
The hydrolysis of methyl (E)-9,12-dioxooctadec-10-enoate 112 (40 mg, 0.12 mmol) was performed
according to the general procedure 5.2.4. for enzymatic ester hydrolysis using Novozym 435°® (30
mg) in H,0 (86 uL) and tert-BuOH (256 pL) to yield the acid 113 (37 mg, quantitative) as a white sticky
solid. mp=99-101 °C.
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'H NMR (400 MHz, CDCl;) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.23 — 1.34 (m, 12H, CH,), 1.58 — 1.65 (m,
6H, CH,), 2.33 (t, 2H, J = 6.9 Hz, H-2), 2.62 (t, 4H, J = 6.9 Hz, H-8, H-13), 6.85 (s, 2H, H-10, H-11).

3C NMR (101 MHz, CDCl3) 6 = 14.12 (CH3), 22.57 (CH,), 23.72 (CH,), 23.83 (CH,), 24.68 (CH,), 28.90
(CH,), 28.92 (CH,), 28.98 (CH,), 29.07 (CH,), 31.65 (CH,), 34.06 (C-2), 41.65 (C-8), 41.76 (C-13), 136.35
(C-11), 136.43 (C-10), 179.72 (COOH), 200.91 (C-9), 201.06 (C-12).

IR (ATR) v=3373, 2914, 1697, 1678, 1379, 1263, 1079, 995, 931, 724 cm™.

HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,3H3,0,Na 333.2036; Found 333.2064.

(E)-N-(4-Hydroxy-3-methoxybenzyl)-9,12-dioxooctadec-10-enamide (76)

0] 0]

2! 11 13

3 12
- 7 °N 9N
H 2 8 10

6' (0]

Chemical Formula: C;sH35NOs
MW=445.59 g-mol™
Amidation of (E)-9,12-dioxooctadec-10-enoic acid 113 (40 mg, 0.18 mmol) was performed according
to the general procedure 5.2.5. for amide coupling using HATU (73 mg, 0.19 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (27 mg, 0.14 mmol) and DIPEA (67 uL, 0.31 mmol) in
anhydrous DMF (2.6 mL) to yield the amide 76 (36 mg, 57%) as a yellow oil after purification by silica
gel flash column chromatography (petroleum ether/EtOAc 1:1). Ri=0.4 (petroleum ether/EtOAc 1:1).

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9 Hz, CH;), 1.24 — 1.34 (m, 12H, CH,), 1.56 — 1.68 (m,
6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.63 (t, 4H, J = 6.9 Hz, H-8, H-13), 3.87 (s, 3H, CH30), 4.35 (d, 2H,
J=5.7 Hz, CH,NH), 5.74 (br s, 1H, OH), 6.72 — 6.88 (m, 5H, H,,, H-10, H-11).

3C NMR (101 MHz, CDCl3) & = 14.15 (CH3), 22.61 (CH,), 23.72 (CH,), 23.84 (CH,), 25.75 (CH,), 28.93
(CH,), 29.01 (CH,), 29.14 (CH,), 29.16 (CH,), 31.68 (CH,), 36.83 (C-2), 41.66 (C-8), 41.81 (C-13), 43.72
(CH,NH), 56.09 (CH;0), 110.86 (C-2’), 114.51 (C-5’), 120.96 (C-6’), 130.45 (C-1’), 136.32 (C-11), 136.44
(C-10), 145.27 (C-4’), 146.82 (C-3’), 172.99 (NHCO), 200.87 (C-9), 200.99 (C-12).

IR (ATR) v=3503, 3310, 2953, 2927, 2851, 1677, 1640, 1518, 1257, 1024, 856, 722 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for CpsHaoNOs 446.2901; Found 446.2936.
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Methyl (R,E)-12-hydroxyoctadec-9-enoate (114)

0

OH
Chemical Formula: C;gH;¢05
MW=312.49 g-mol*
[7706-01-6]

Diphenyl disulfide (56 mg, 0.26 mmol) was added to a solution of methyl ricinoleate 10a (4 g, 12.8
mmol) in isooctane (120 mL). The reaction mixture was placed in a photochemical reactor and
irradiated for 3 h with a Philips HP(L) 400-W medium-pressure mercury lamp. After irradiation the
solvent was removed under reduced pressure and the crude reaction mixture was dissolved in hot
petroleum ether (185 mL). The filtrate was cooled at -30 °C and after 48 h a white solid appeared.
This solid was quickly filtered and recovered at -30 °C to yield the isomer 114 (1.49 g, 37%) as a

yellowish oil at room temperature. The spectral data were in accordance with the literature:™

H NMR (400 MHz, CDCl;) & = 0.87 (t, 3H, J = 6.9 Hz, CHs), 1.23 — 1.39 (m, 16H, CH,), 1.39 — 1.48 (m,
3H, CH,), 1.55 — 1.71 (m, 2H, CHy), 1.97 — 2.09 (m, 3H, H-8, H-11a), 2.18 — 2.26 (m, 1H, H-11b), 2.29 (t,
2H, J = 6.9 Hz, H-2), 3.53 — 3.61 (m, 1H, CHOH), 3.65 (s, 3H, CH30), 5.35 — 5.44 (m, 1H, H-10), 5.47 —
5.56 (m, 1H, H-9).

3¢ NMR (101 MHz, CDCl3) & = 14.22 (CHs), 22.75 (CH,), 25.05 (CH,), 25.79 (CH,), 29.06 (CH,), 29.20
(CH,), 29.22 (CH,), 29.49 (2xCH,), 31.97 (CH,), 32.75 (CH,), 34.22 (C-2), 36.88 (CH,), 40.85 (C-11),
51.57 (CH30), 71.06 (CHOH), 126.07 (C-10), 134.69 (C-9), 174.44 (COOCH;).

IR (ATR) v=3431, 2924, 2854, 1740, 1435, 1197, 1171, 969, 860, 724 cm™.

[@]2°=-0.2° (c 2.44, CHCl,)
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(R,E)-12-Hydroxyoctadec-9-enoic acid (2)

o]

HO
OH

Chemical Formula: C;5H;,05
MW=298.46 g-mol™
[540-12-5]*
The hydrolysis of methyl (R,E)-12-hydroxyoctadec-9-enoate 114 (200 mg, 0.64 mmol) was performed
according to the general procedure 5.2.6. for chemical ester hydrolysis using LiOH-H,0 (46 mg, 1.92
mmol) in THF/H,0 1:1 (3 mL) to yield the fatty acid 2 (150 mg, 78%) as a yellowish solid after

recrystallization in hot petroleum ether. mp=49-51 °C.

'H NMR (400 MHz, CDCl5) § = 0.87 (t, 3H, J = 6.9 Hz, CH,), 1.22 — 1.40 (m, 16H, CH,), 1.40 — 1.50 (m,
4H, CH,), 1.58 — 1.68 (m, 2H, CH,), 1.97 — 2.11 (m, 3H, H-8, H-11a), 2.19 — 2.28 (m, 1H, H-11b), 2.33 (t,
2H, J = 6.9 Hz, H-2), 3.54 — 3.63 (m, 1H, CHOH), 5.35 — 5.46 (m, 1H, H-10), 5.47 — 5.58 (m, 1H, H-9).

3C NMR (101 MHz, CDCl3) 6 = 14.24 (CHs), 22.77 (CH,), 24.79 (CH,), 25.79 (CH,), 29.02 (CH,), 29.11
(CH,), 29.15 (CH,), 29.47 (CH,), 29.50 (CH,), 31.98 (CH,), 32.73 (CH,), 34.06 (C-2), 36.86 (CH,), 40.81
(C-11), 71.17 (CHOH), 126.05 (C-10), 134.74 (C-9), 179.27 (COOH).

IR (ATR) v=3321, 3221, 3040, 2955, 2916, 2848, 1690, 1466, 1072, 959, 720, 682 cm™.
HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,3H3,05Na 321.240; Found 321.2411.

[a]2’=+6.6° (c 1, EtOH)

(R,E)-N-(4-Hydroxy-3-methoxybenzyl)-12-hydroxyoctadec-9-enamide (77)

0]

Chemical Formula: C,sH,3NO,
MW=433.62 g-mol™
Amidation of (E)-12-hydroxy-9-octadecenoic acid 2 (70 mg, 0.23 mmol) was performed according to
the general procedure 5.2.5. for amide coupling using HATU (133 mg, 0.35 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (53 mg, 0.28 mmol) and DIPEA (122 L, 0.70 mmol) in
anhydrous DMF (3.3 mL) to yield the amide 76 (35 mg, 34%) as a white-off solid after purification by
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silica gel flash column chromatography (petroleum ether/EtOAc 6:4). R=0.37 (petroleum
ether/EtOAc 6:4). mp=73-75 °C.

'H NMR (400 MHz, CDCls) 6 = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.24 — 1.35 (m, 15H, CH,, H-13a), 1.37 —
1.46 (m, 3H, CH,, H-13b), 1.59 — 1.71 (m, 2H, CH,), 1.96 — 2.09 (m, 3H, H-8, H-11a), 2.14 — 2.27 (m,
3H, H-2, H-11b), 3.53 — 3.61 (m, 1H, CHOH), 3.87 (s, 3H, CH30), 4.34 (d, J = 5.7 Hz, 2H, CH,NH), 5.35 —
5.44 (m, 1H, H-10), 5.47 — 5.56 (m, 1H, H-9), 5.73 (br s, 2H, CH,NH, OH), 6.79 (ddd, 3H, J = 12.5, 9.9,
5.0 Hz, Ha,).

3C NMR (101 MHz, CDCl5) & = 14.23 (CH;), 22.75 (CHy), 25.79 (CH,), 25.86 (CH,), 29.06 (CH,), 29.26
(CH,), 29.35 (CH,), 29.46 (CH,), 29.49 (CH,), 31.97 (C-8), 32.73 (CH,), 36.91 (C-13), 36.96 (C-2), 40.82
(C-11), 43.65 (CH,NH), 56.07 (CH;0), 71.07 (CHOH), 110.86 (C-2’), 114.53 (C-5’), 120.91 (C-6’), 126.12
(C-10), 130.54 (C-1’), 134.68 (C-9), 145.26 (C-4’), 146.84 (C-3’), 173.01 (NHCO).

IR (ATR) v=3295, 2920, 2849, 1631, 1515, 1463, 1270, 1030, 959 cm™.
HR-MS (ESI*): m/z: [M+H]* Calcd. for C,gH4NO, 434.3265; Found 434.3293.

[a]2’<+1° (c 0.5, DCM)

Methyl (E)-12-oxooctadec-9-enoate (10c)

0]

9 11

2 8 10

0]
Chemical Formula: C;5H5,05
MW=310.47 g-mol*
[21994-17-2]

Oxidation of methyl (R E)-12-hydroxyoctadec-9-enoate 114 (500 mg, 1.6 mmol) was performed
according to the general procedure 5.2.7. for alcohol oxidation using CrO; (960 mg, 9.6 mmol) and
pyridine (1.5 mL, 19.2 mmol) in DCM (6 mL) to yield the ketone 10c (246 g, 49%) as a yellowish oil
after purification by silica gel column chromatography (petroleum ether/Et,0 98:2). R=0.48

(petroleum ether/Et,0 9:1). The spectral data were in accordance with the literature:™

'H NMR (400 MHz, CDCl5) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.21 — 1.39 (m, 14H, CH,), 1.51 — 1.69 (m,
4H, CH,), 1.98 — 2.05 (m, 2H, H-8), 2.29 (t, 2H, J = 6.9 Hz, H-2), 2.41 (t, 2H, J = 6.9 Hz, COCH,), 3.07 (d,
2H, J = 5.7 Hz, H-11), 3.66 (s, 3H, CH;0), 5.48 — 5.52 (m, 2H, H-9, H-10).
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C NMR (101 MHz, CDCl;) 6 = 14.16 (CH3), 22.63 (CH,), 23.84 (CH,), 25.06 (CH,), 29.03 (CH,), 29.06
(CHy), 29.21 (2xCH,), 29.27 (CH,), 31.73 (CH,), 32.67 (CH,), 34.22(C-2), 42.31 (COCH,), 46.95 (C-11),
51.57 (CH;0), 122.13 (C-10), 135.16 (C-9), 174.42 (COOCH3), 209.95 (COCH,).

IR (ATR) v=2925, 2854, 1738, 1715, 1435, 1362, 1195, 1170, 968, 725 cm .

(E)-12-Oxooctadec-9-enoic acid (1c)

HO

2 8 10

Chemical Formula: C;3H3,0;
MW=296.44 g-mol™
[6629-55-6]"
The hydrolysis of methyl (E)-12-oxooctadec-9-enoate 10c (20 mg, 0.06 mmol) was performed
according to the general procedure 5.2.4. for enzymatic ester hydrolysis using Novozym 435® (20
mg) in H,O (31 pL) and tert-BuOH (138 puL) to yield the ketone 1c (17 mg, 89%) as a white solid.
mp=71-73 °C.

'H NMR (400 MHz, CDCl3) 6 = 0.87 (t, 3H, J = 6.9 Hz, CH), 1.24 — 1.36 (m, 14H, CH,), 1.50 — 1.58 (m,
2H, CH,), 1.58 — 1.66 (m, 2H, CH,), 1.98 — 2.05 (m, 2H, H-8), 2.34 (t, 2H, J = 6.9 Hz, H-2), 2.41 (t, 2H, J =
6.9 Hz, COCH,), 3.08 (d, 2H, J = 5.7 Hz, H-11), 5.44 — 5.57 (m, 2H, H-9, H-10).

3C NMR (101 MHz, CDCl5) & = 14.17 (CHs), 22.63 (CH,), 23.85 (CH,), 24.79 (CH,), 29.03 (2xCH,), 29.12
(CH,), 29.18 (CH,), 29.26 (CH,), 31.73 (CH,), 32.66 (CH,), 34.09 (C-2), 42.32 (COCH,), 46.95 (C-11),
122.13 (€-10), 135.17 (C-9), 179.59 (COOH), 210.13 (COCH,).

IR (ATR) v=3121, 2954, 2918, 2848, 1701, 1263, 1082, 962, 720, 689 cm ™.

HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,3H3,05Na 319.2244; Found 319.2267.
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(E)-N-(4-Hydroxy-3-methoxybenzyl)-12-oxooctadec-9-enamide (78)

0]

Chemical Formula: C;sH,:NO,
MW=431.61 g-mol™
Amidation of (E)-12-ox0-9-octadecenoic acid 1c (210 mg, 0.71 mmol) was performed according to the
general procedure 5.2.5. for amide coupling using HATU (404 mg, 1.06 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (148 mg, 0.78 mmol) and DIPEA (400 uL, 2.1 mmol) in
anhydrous DMF (10 mL) to yield the amide 78 (52 mg, 17%) as a white-off solid after purification by
silica gel flash column chromatography (petroleum ether/EtOAc 7:3). Ri=0.36 (petroleum
ether/EtOAc 7:3). mp=71-73 °C.

'H NMR (400 MHz, CDCl5) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.22 — 1.38 (m, 14H, CH,), 1.50 — 1.58 (m,
2H, CH,), 1.59 — 1.69 (m, 2H, CH,), 1.97 — 2.04 (m, 2H, H-8), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.40 (t, 2H, J =
6.9 Hz, COCH,), 3.08 (d, 2H, J = 5.7 Hz, H-11), 3.87 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.47
—5.52 (m, 2H, H-9, H-10), 5.67 (s, 1H, CH,NH), 5.73 (br s, 1H, OH), 6.79 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz,

Ha).

C NMR (101 MHz, CDCl;) & = 14.17 (CH3), 22.63 (CH,), 23.86 (CH,), 25.86 (CH,), 29.03 (CH,), 29.05
(CH;), 29.23 (CH,), 29.26 (CH,), 29.36 (CH,), 31.73 (CH,), 32.64 (CH,), 36.96 (C-2), 42.37 (COCH,),
43.66 (CH,NH), 46.89 (C-11), 56.07 (CH;0), 110.84 (C-2’), 114.50 (C-5’), 120.92 (C-6’), 122.12 (C-10),
130.56 (C-1’), 135.11 (C-9), 145.25 (C-4’), 146.83 (C-3’), 172.99 (NHCO), 210.08 (COCH,).

IR (ATR) v=3393, 3312, 2917, 2850, 1703, 1636, 1554, 1509, 1242, 1125, 967, 705 cm ™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C,¢H4,NO, 432.3108; Found 432.3137.
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Methyl 12-ox0-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octadecanoate (115)

0]

Chemical Formula: C,5H,;BO0s
MW=438.45 g-mol™
Tri-n-butylphosphine (26 pL, 0.10 mmol) was added to a solution of anhydrous CuCl (10 mg, 0.10
mmol) in anhydrous DMF (4.5 mL) was added, under argon atmosphere. In another reaction vessel,
bis(pinacolato)diboron (283 mg, 1.12 mmol) was added, under argon atmosphere, to a solution of
methyl (E)-12-oxooctadec-10-enoate 10d (290 mg, 0.93 mmol) in anhydrous DMF (4.5 mL). This
solution was transferred to the catalyst solution. The reaction mixture was stirred at room
temperature for 48 h. The crude was taken up in H,0 and extracted into petroleum ether. The
organic phase was dried over anhydrous Na,SO,, filtered and the solvent was evaporated under
reduced pressure to yield the B-boronketone 115 (190 mg, 46%) as a yellow oil after purification by

silica gel column chromatography (petroleum ether/EtOAc 95:5). Ri=0.49 (petroleum ether/Et,0 9:1).

'H NMR (400 MHz, CDCl5) 6 = 0.84 (t, 3H, J = 6.9 Hz, CH;), 1.18 — 1.28 (m, 30H, (CHs),, CH,), 1.34 —
1.39 (m, 1H, H-10), 1.49 — 1.60 (m, 4H, CH,), 2.27 (t, 2H, J = 6.9 Hz, H-2), 2.33 (td, 2H, J = 7.4, 3.7 Hz,
H-11), 2.50 (d, 2H, J = 6.8 Hz, COCH,), 3.64 (s, 3H, CH;0).

12-Oxo0-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octadecanoic acid (116)

0]

HO

Chemical Formula: C,,H.sBO;
MW=424.42 g-mol™
The hydrolysis of methyl 12-ox0-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octadecanoate 115
(190 mg, 0.43 mmol) was performed according to the general procedure 5.2.4. for enzymatic ester
hydrolysis using Novozym 435® (83 mg) in H,0 (308 uL) and tert-BuOH (922 L) to yield the acid 116

(180 mg, quantitative) as a yellow oil.
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'H NMR (400 MHz, CDCl;) 6 = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.20 — 1.33 (m, 30H, (CHs),, CH,), 1.38 —
1.44 (m, 1H, H-10), 1.51 — 1.58 (m, 2H, CH,), 1.59 — 1.66 (m, 2H, CH,), 2.29 — 2.41 (m, 2H, H-2), 2.53
(d, 2H, J = 6.8 Hz, H-11).

N-(4-Hydroxy-3-methoxybenzyl)-12-oxo0-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)octadecanamide (117)

(0]
/O N 10
2
H /B\ O
HO o 0

Chemical Formula: C;,Hs,BNOg
MW=559.59 g-mol™
Amidation of 12-oxo0-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octadecanoic acid 116 (175 mg,
0.41 mmol) was performed according to the general procedure 5.2.5. for amide coupling using HATU
(235 mg, 0.62 mmol), 4-hydroxy-3-methoxybenzylamine hydrochloride 99 (69 mg, 0.45 mmol) and
DIPEA (200 pL, 1.24 mmol) in anhydrous DMF (6 mL) to yield the amide 117 (125 mg, 54%) as a
brown oil after purification by silica gel flash column chromatography (petroleum ether/EtOAc 6:4).

R:=0.55 (petroleum ether/EtOAc 3:7).

'H NMR (400 MHz, CDCl;) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.21 — 1.31 (m, 30H, (CHs)s, CH,), 1.35 —
1.41 (m, 1H, H-10), 1.61 — 1.67 (m, 2H, CH,), 2.18 (t, 2H, J = 6.9 Hz, H-2), 2.32 — 2.39 (m, 2H, COCH,),
2.52 (d, 2H, J = 6.8 Hz, H-11), 3.88 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.64 — 5.71 (m, 1H,
CH,NH), 6.82 (ddd, 3H, J = 12.5, 9.9, 5.5 Hz, Hp,)

N-(4-Hydroxy-3-methoxybenzyl)-10-hydroxy-12-oxooctadecanamide (79)

0]

. OH O

Chemical Formula: C;sHi3NOs
MW=449.62 g-mol™
A volume of 5% w/v NaHCO; (2.5 mL, 1.49 mmol) was added to a solution of N-(4-hydroxy-3-
methoxybenzyl)-12-oxo-10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octadecanamide 117 (125
mg, 0.22 mmol) and 2.5 mL of 30% H,0, (0.02 mmol). The reaction mixture was stirred at room

temperature for 24 h. Saturated aqueous Na,S,0, (0.25 mL) was added to decompose any remaining
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peroxide keeping the temperature below 40 °C. The reaction mixture was diluted with H,0 and
extracted with EtOAc. The organic layer was dried over anhydrous Na,SO, and filtered. The solvent
was evaporated under reduced pressure to yield the B-hydroxyketone 79 (75 mg, 76%) as a

rosaceous solid after recrystallization from Et,0. mp=73-75 °C.

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9, Hz, CH;), 1.20 — 1.41 (m, 18H, CH,), 1.40 — 1.50 (m,
2H, CH,), 1.52 — 1.60 (m, 2H, CH,), 1.60 — 1.68 (m, 2H, CH,), 2.18 (t, 2H, J = 6.9 Hz, H-2), 2.41 (t, 2H, J =
6.9 Hz, COCH,), 2.46 — 2.52 (m, 1H, H-11a), 2.59 (dd, 1H, J = 17.3, 1.8 Hz, H-11b), 3.08 (br s, 1H,
CHOH), 3.87 (s, 3H, CH30), 3.94 — 4.05 (m, 1H, CHOH), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.69 (br s, 2H,
OH, CH,NH), 6.67 — 6.88 (m, 3H, Ha,).

3C NMR (101 MHz, CDCl5) 6 = 14.16 (CH3), 22.61 (CH,), 23.73 (CH,), 25.53 (CH,), 25.87 (CH,), 28.97
(CH,), 29.34 (CH,), 29.35 (CH,), 29.48 (CH,), 29.55 (CH,), 31.70 (CH,), 36.52 (CH,), 36.96 (CH,), 43.66
(CH,NH), 43.84 (COCH,), 49.06 (C-11), 56.08 (CH;0), 67.77 (CHOH), 110.85 (C-2’), 114.53 (C-5’),
120.93 (C-6’), 130.56 (C-1’), 145.25 (C-4’), 146.84 (C-3’), 172.99 (NHCO), 212.84 (COCH,).

IR (ATR) v=3318, 2912, 2849, 1705, 1638, 1513, 1267, 1240, 1122, 718 cm™.

HR-MS (ESI*): m/z: [M+Na]" Calcd. for CpHasNOsNa 472.3033; Found 472.3042.

N-(4-Hydroxy-3-methoxybenzyl)-10-methoxy-12-oxooctadecanamide (80)

0]
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Chemical Formula: C,;H,5NOs
MW=463.65 g-mol™
A volume of trifluoromethanesulphonic acid (6 pL, 0.05 mmol) was added to a solution of (E)-N-(4-
hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 (200 mg, 0.46 mmol) in MeOH (1 mL, 85
mmol). The reaction mixture was stirred at room temperature for 24 h. The solvent was evaporated
under reduced pressure to yield the B-methoxyketone 80 (20 mg, 18%) as a yellowish oil after

purification by silica gel flash column chromatography (CHCI;/EtOAc 9:1). R=0.4 (CHCI3/EtOAC 8:2).

'H NMR (400 MHz, CDCl3) 6 = 0.88 (t, 3H, J = 6.9 Hz, CH), 1.25 — 1.32 (m, 16H, CH,), 1.38 — 1.52 (m,
2H, CH,), 1.53 — 1.56 (m, 2H, CH,), 1.64 (dt, 2H, J = 14.9, 7.5 Hz, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.37
—2.45 (m, 3H, H-11a, COCH,), 2.61 — 2.68 (m, 1H, H-11b), 3.30 (s, 3H, CHOCHs), 3.61 — 3.69 (m, 1H,
CHOCH;), 3.88 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.61 (s, 1H, CH,NH), 5.65 (br s, 1H, OH),
6.80 (ddd, 3H, J = 21.0, 9.7, 4.8 Hz, Ha,).
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C NMR (101 MHz, CDCl;) § = 14.17 (CH3), 22.64 (CH,), 23.68 (CH,), 25.20 (CH,), 25.88 (CH,), 29.00
(CHy), 29.37 (CH,), 29.39 (CH,), 29.51 (CH,), 29.85 (CH,), 31.75 (CH,), 34.11 (CH,), 36.99 (C-2), 43.69
(CH;NH), 44.21 (COCH,), 47.46 (C-11), 56.10 (CH;0), 57.14 (CHOCH,), 77.47 (CHOCH3), 110.86 (C-2’),
114.52 (C-5’), 120.97 (C-6’), 130.59 (C-1’), 145.28 (C-4’), 146.85 (C-3’), 172.99 (NHCO), 210.34
(COCH,).

IR (ATR) v=3316, 2924, 2854, 1709, 1645, 1514, 1272, 1034, 723 cm™.

HR-MS (ESI): m/z: [M+Na]" Calcd. for C,;H,;sNOsNa 486.319; Found 486.3192.

10-Azido-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadecanamide (118)

0]

Chemical Formula: C,sH4,N,0,
MW=474.64 g-mol™
NaN; (205 mg, 3.15 mmol) and acetic acid (1.2 mL, 21 mmol) were successively added to a solution of
(E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 (170 mg, 0.39 mmol) in THF/H,0
2:1 (1.8 mL). The reaction mixture was stirred at room temperature for 24 h. The mixture was poured
to a saturated solution of NaHCO; and extracted into EtOAc. The organic phase was dried over
anhydrous Na,SO,, filtered and the solvent was evaporated under reduced pressure to yield the B-

azidoketone 118 (180 mg, quantitative) as a yellow oil.

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.23 — 1.35 (m, 16H, CH,), 1.45 — 1.53 (m,
2H, CH,), 1.53 — 1.61 (m, 2H, CH,), 1.60 — 1.70 (m, 2H, CH,), 2.20 (t, 2H, J = 6.9 Hz, H-2), 2.42 (t, 2H, J =
6.9 Hz, COCH,), 2.49 (dd, 1H, J = 17.1, 4.6 Hz, H-11a), 2.64 (dd, 1H, J = 17.1, 8.2 Hz, H-11b), 3.80 —
3.87 (m, 1H, CHN;), 3.88 (s, 3H, CH;0), 4.36 (d, 2H, J = 5.7 Hz, CH,NH), 5.64 (br s, 1H, CH,NH), 5.69 (br
s, 1H, OH), 6.80 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Hp,).

3C NMR (101 MHz, CDCl5) & = 14.16 (CH;), 22.62 (CH,), 23.71 (CH,), 25.85 (CH,), 26.06 (CH,), 28.95
(CH,), 29.28 (CH,), 29.29 (CH,), 29.33 (CH,), 29.38 (CH,), 31.70 (CH,), 34.62 (CH,), 36.94 (C-2), 43.73
(CH,NH), 43.76 (COCH,), 47.25 (C-11), 56.10 (CH;0), 58.38 (CHN), 110.87 (C-2’), 114.51 (C-5’), 120.98
(C-6’), 130.47 (C-1’), 145.28 (C-4’), 146.83 (C-3’), 173.14 (NHCO), 208.60 (COCHS,).

IR (ATR) v=3290, 3082, 2926, 2855, 2101, 1712, 1644, 1514, 1272, 844, 724 cm™.
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10-[4-(2-Bromoethyl)-1H-1,2,3-triazol-1-yl]-N-(4-hydroxy-3-methoxybenzyl)-12-
oxooctadecanamide (81)

0]

Chemical Formula: C;,H,;BrN,O,
MW=607.62 g-mol™
1-Bromo-3-butin (30 pL, 0.32 mmol) was added to a solution of 10-azido-N-(4-hydroxy-3-
methoxybenzyl)-12-oxooctadecanamide 118 (150 mg, 0.32 mmol) in tert-BuOH (2.1 mL) and H,0 (1.7
mL). Then, a solution of CuSO,-5H,0 (6 mg, 3.16 umol) in H,0 (200 uL) and a solution of sodium
ascorbate (6 mg, 31.6 umol) in H,O (200 uL) were successively added to the above solution. The
reaction mixture was stirred at room temperature for 100 h. The solvent was evaporated under
reduced pressure to yield the triazol 81 (30 mg, 16%) as a yellow oil after purification by silica gel

flash column chromatography (petroleum ether/EtOAc 7:3). Ri=0.35 (petroleum ether/EtOAc 6:4).

'H NMR (400 MHz, CDCl5) & = 0.85 (t, 3H, J = 6.9 Hz, CHs), 1.19 — 1.27 (m, 16H, CH,), 1.42 — 1.51 (m,
2H, CH,), 1.57 — 1.65 (m, 2H, CH,), 1.73 — 1.83 (m, 2H, CH,), 2.17 (t, 2H, J = 6.9 Hz, H-2), 2.25 — 2.42
(m, 2H, COCH,), 2.87 (dd, 1H, J = 17.1, 4.6 Hz, H-11a), 3.17 — 3.35 (m, 3H, H-3”, H-11b), 3.61 (t, 2H, J =
6.9 Hz, H-4”), 3.86 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 4.86 (ddd, 1H, J = 12.5, 9.9, 5.0 Hz,
H-10), 5.78 — 5.88 (m, 2H, CH,NH, OH), 6.79 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Hp,), 7.45 (s, 1H, C-1”).

3C NMR (101 MHz, CDCl5) 6 = 14.13 (CHj), 22.56 (CH,), 23.57 (CH,), 25.75 (CH,), 25.80 (CH,), 28.86
(C-3), 29.04 (CH,), 29.09 (CH,), 29.18 (CH,), 29.46 (CH,), 29.83 (CH,), 31.62 (C-4"), 31.74 (CH,), 35.19
(CH,), 36.83 (C-2), 43.48 (COCH,), 43.62 (CH,NH), 47.62 (C-11), 56.08 (CH;0), 57.30 (C-10), 110.89 (C-
2’), 114.54 (C-5’), 120.88 (C-6"), 122.84 (C-1”"), 130.57 (C-1’), 144.04 (C-2”), 145.26 (C-4’), 146.86 (C-
3’), 173.00 (NHCO), 207.99 (COCH,).

IR (ATR) v=3275, 2917, 2850, 1645, 1514, 1273, 1034, 720 cm™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C5oH4sBrN,O, 607.2853; Found 607.2888.
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{[10-[(4-Hydroxy-3-methoxybenzyl)amino]-10-oxo-1-(2-oxooctyl)decyl]thio} acetic acid (82)

0]
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Chemical Formula: C,gH,sNOgS
MW=523.73 g-mol*
Thioalkilation of (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 (100 mg, 0.23
mmol) was performed according to the general procedure 5.2.8. for Michael addition using
thioglycolic acid (50 pL, 0.69 mmol) and NaHCO; (1 mg, 0.01 mmol) in MeOH/H,0 1:1 (3.2 mL) to
yield the compound 82 (70 mg, 58%) as a yellowish oil after purification by silica gel column

chromatography (Et,0). R=0.4 (Et,0).

'H NMR (400 MHz, CDCl5) & = 0.87 (t, 3H, J = 6.9 Hz, CHs), 1.24 — 1.34 (m, 14H, CH,), 1.37 — 1.47 (m,
2H, CH,), 1.51 — 1.60 (m, 4H, CH,), 1.60 — 1.69 (m, 2H, CH,), 2.24 (t, 2H, J = 6.9 Hz, H-2), 2.41 (t, 2H, J =
6.9 Hz, COCH,), 2.64 (dd, 1H, J = 17.1, 4.6 Hz, H-11a), 2.75 (dd, 1H, J = 17.1, 8.2 Hz, H-11b), 3.21 -
3.32 (m, 3H, CHS, H-1"), 3.88 (s, 3H, CH;0), 4.36 (d, 2H, J = 5.7 Hz, CH,NH), 5.76 (br s, 1H, CH,NH),
5.90 (br s, 1H, OH), 6.79 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Ha,).

3C NMR (101 MHz, CDCl5) & = 14.18 (CH,), 22.63 (CH,), 23.77 (CH,), 25.47 (CH,), 26.21 (CH,), 28.28
(CH,), 28.37 (CH,), 28.39 (CH,), 28.52 (CH,), 28.99 (CH,), 31.73 (CH,), 33.28 (C-9), 34.71 (C-1”), 36.72
(C-2), 41.63 (COCH,), 43.70 (CH,NH), 43.91 (CHS), 48.64 (C-11), 56.13 (CH;0), 110.95 (C-2’), 114.53
(C-5’), 121.03 (C-6’), 130.06 (C-1’), 145.33 (C-4’), 146.87 (C-3’), 173.11 (NHCO), 174.18 (COOH),
209.45 (COCH,).

IR (ATR) v=3356, 2925, 2854, 1708, 1612, 1514, 1272, 1033, 723 cm ™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C,gH4sNOgS 524.304; Found 524.3078.
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Experimental part

{[10-[(4-Hydroxy-3-methoxybenzyl)amino]-10-oxo-1-(2-oxooctyl)decyl]thio} propanoic acid
(83)

Chemical Formula: C,oH,7NOgS
MW=537.75 g-mol™
Thioalkilation of (E)-N-(4-hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 (100 mg, 0.23
mmol) was performed according to the general procedure 5.2.8. for Michael addition using 3-
mercaptopropionic acid (60 uL, 0.69 mmol) and NaHCO; (1 mg, 0.01 mmol) in MeOH/H,0 1:1 (3.2
mL) to yield the compound 83 (73 mg, 58%) as a yellowish oil after purification by silica gel column

chromatography (Et,0). R=0.48 (petroleum ether/Et,0 1:9).

'H NMR (400 MHz, CDCl3) & = 0.87 (t, 3H, J = 6.9 Hz, CH;), 1.23 — 1.33 (m, 14H, CH,), 1.34 — 1.43 (m,
2H, CH,), 1.43 —1.59 (m, 4H, CH,), 1.59 — 1.68 (m, 2H, CH,), 2.22 (t, 2H, J = 6.9 Hz, H-2), 2.40 (t, 2H, J =
6.9 Hz, COCH,), 2.55 — 2.68 (m, 3H, H-11a, H-1"), 2.68 — 2.79 (m, 3H, H-11b, H-2""), 3.07 — 3.15 (m,
1H, CHS), 3.86 (s, 3H, CH30), 4.34 (d, 2H, J = 5.7 Hz, CH,NH), 5.96 (br s, 1H, OH), 6.78 (ddd, 3H, J =
12.5, 9.9, 5.0 Hz, Hy,).

3C NMR (101 MHz, CDCl) 6 = 14.16 (CHs), 22.61 (CH,), 23.73 (CH,), 25.82 (CH,), 25.94 (CH,), 26.59
(C-1"), 28.94 (CH,), 28.97 (2xCH,), 29.06 (CH,), 29.07 (CH,), 31.71 (CH,), 34.75, 35.24 (C-2""), 36.77 (C-
2), 40.91 (COCH,), 43.79 (CH,NH), 43.92 (C-11), 49.02 (CHS), 56.09 (CH;0), 110.92 (C-2’), 114.54 (C-
5), 120.95 (C-6’), 130.20 (C-1’), 145.28 (C-4’), 146.87 (C-3’), 173.86 (NHCO), 175.73 (COOH), 209.65
(COCH,).

IR (ATR) v=3350, 2926, 2854, 1708, 1614, 1514, 1272, 1236, 1033, 796, 723 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for CpgHssNOgS 538.3197; Found 538.3244.
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N-(4-Hydroxy-3-methoxybenzyl)-10-({2-[(4-hydroxy-3-methoxybenzyl)amino]-2-
oxoethyl}thio)-12-oxooctadecanamide (84)

Chemical Formula: C55Hs,N,0,S
MW=658.89 g-mol™
Amidation of {[10-[(4-hydroxy-3-methoxybenzyl)amino]-10-oxo-1-(2-oxooctyl)decyl]thio}acetic acid
82 (35 mg, 0.07 mmol) was performed according to the general procedure 5.2.5. for amide coupling
using HATU (62 mg, 0.16 mmol), 4-hydroxy-3-methoxybenzylamine hydrochloride 99 (14 mg, 0.07
mmol) and DIPEA (35 pL, 0.2 mmol) in anhydrous DMF (1 mL) to yield the amide 84 (24 mg, 54%) as a
yellow oil after purification by silica gel flash column chromatography (petroleum ether/EtOAc 2:8).

Ri=0.4 (petroleum ether/EtOAc 1:9).

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.18 — 1.29 (m, 16H, CH,), 1.45 — 1.53 (m,
4H, CH,), 1.60 — 1.67 (m, 2H, CH,), 2.20 (t, 2H, J = 6.9 Hz, H-2), 2.36 (t, 2H, J = 6.9 Hz, COCH,), 2.61 (d,
2H, J = 5.7 Hz, H-11), 3.00 — 3.09 (m, 1H, CHS), 3.25 (q, 2H, J = 17.0 Hz, H-1”), 3.85 — 3.88 (m, 6H,
CH;0), 4.34 (dd, 3H, J = 14.4, 5.4 Hz, CH,NH, H-3"a), 4.47 (dd, 1H, J = 14.4, 5.4 Hz, H-3"b), 5.91 (s, 1H,
OH), 6.88 — 6.74 (m, 6H, Hpa), 7.52 (t, 1H, J = 6.9 Hz, NH).

3C NMR (101 MHz, CDCl5) & = 14.17 (CHs), 22.61 (CH,), 23.78 (CH,), 25.75 (CH,), 26.83 (CH,), 28.95
(CH,), 29.18 (CH,), 29.21 (CH,), 29.28 (CH,), 29.29 (CH,), 29.87 (CH,), 31.70 (CH,), 35.01 (CH,), 36.84
(C-2), 41.17 (COCH,), 43.70 (CH,NH, C-3"), 43.98 (CHS), 47.65 (C-11), 56.07 (CH30), 56.09 (CH;0),
110.93 (C-2’), 111.15 (C-5”), 114.54 (C-5’), 114.57 (C-8”), 120.94 (C-9”), 121.11 (C-6’), 130.11 (C-1’),
130.48 (C-4”), 145.28 (C-7”), 145.32 (C-4'), 146.86 (C-6"), 146.87 (C-3’), 168.63 (C-2”), 173.22
(NHCO), 209.33 (COCH,).

IR (ATR) v=3289, 2926, 2854, 1707, 1641, 1514, 1273, 1124, 1033, 729 cm™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for CssHssN,05S 659.3724; Found 659.3778.
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N-(4-Hydroxy-3-methoxybenzyl)-10-({3-[(4-hydroxy-3-methoxybenzyl)amino]-3-
oxopropyl}thio)-12-oxooctadecanamide (85)

Chemical Formula: C5;Hs¢N,0,S
MW=672.91 g-mol™
Amidation of 3-{[10-[(4-hydroxy-3-methoxybenzyl)amino]-10-oxo-1-(2-oxooctyl)decyl]thio}
propanoic acid 83 (58 mg, 0.11 mmol) was performed according to the general procedure 5.2.5. for
amide coupling using HATU (62 mg, 0.16 mmol), 4-hydroxy-3-methoxybenzylamine hydrochloride 99
(22 mg, 0.12 mmol) and DIPEA (56 pL, 0.32 mmol) in anhydrous DMF (1.6 mL) to yield the amide 85
(24 mg, 54%) as a yellow oil after purification by silica gel flash column chromatography (petroleum

ether/EtOAc 2:8). R=0.4 (petroleum ether/EtOAc 1:9).

'H NMR (400 MHz, CDCl,) = 0.87 (t, 3H, J = 6.9 Hz, CH;), 1.22 — 1.30 (m, 16H, CH,), 1.43 — 1.54 (m,
4H, CH,), 1.58 — 1.68 (m, 2H, CHy), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.24 — 2.42 (m, 2H, H-2"), 2.44 — 2.59
(m, 3H, H-11a, COCH,), 2.66 (dd, 1H, J = 17.1, 8.2 Hz, H-11b), 2.77 — 2.85 (t, 2H, J = 6.9 Hz, H-1"), 3.02
—3.14 (m, 1H, CHS), 3.86 — 3.89 (m, 6H, CH30), 4.29 — 4.42 (m, 4H, CH,NH, H-4”), 5.63 - 5.71 (m, 1H,
CH,NH), 5.77 (s, 1H, OH), 6.21 (s, 1H, OH), 6.74 — 6.87 (m, 6H, Ha,).

C NMR (101 MHz, CDCl;) & = 14.18 (CH3), 22.64 (CH,), 23.70 (CH,), 25.81 (CH,), 26.92 (CH,), 27.19
(C-1”), 28.97 (CH,), 29.24 (CH,), 29.25 (CH,), 29.33 (CH,), 29.36 (CH,), 31.73 (CH,), 35.74 (CH,), 36.77
(C-2”), 36.91 (C-2), 40.29 (COCH,), 43.68 (C-4"), 43.72 (CH,NH), 43.98 (CHS), 48.51 (C-11), 56.10
(CH;0), 56.14 (CH3;0), 110.84 (C-6”), 110.87 (C-2’), 114.44 (C-5’), 114.52 (C-9"), 120.89 (C-10"),
120.93 (C-6’), 130.31 (C-1’), 130.54 (C-5"), 145.20 (C-8"), 145.26 (C-4’), 146.81 (C-7""), 146.84 (C-3'),
171.33 (C-3"), 173.08 (NHCO), 210.00 (COCH,).

IR (ATR) v=3288, 2925, 2853, 1707, 1640, 1514, 1273, 1033, 724 cm".

HR-MS (ESI*): m/z: [M+H]" Calcd. for C5;Hs;N30.S, 673.3942; Found 673.3936.
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(E)-N-{4-[(tert-butyldimethylsilyl)oxy]-3-methoxybenzyl}-12-oxooctadec-10-enamide (123)

| Q "
2' 9
03 N =
| Pl 1 H 2 10
SiZ .
O 4

Chemical Formula: C5,HssNO,Si
MW=545.87 g-mol™
tert-Butyldimethylsilyl chloride (509 g, 3.38 mmol) was slowly added to a solution of (E)-N-(4-
hydroxy-3-methoxybenzyl)-12-oxooctadec-10-enamide 75 (500 mg, 1.69 mmol), DMAP (8 mg, 0.07
mmol) and TEA (590 uL, 4.22 mmol) in DCM (15 mL). The reaction was stirred at room temperature
for 24 h. The mixture was acidified until pH 1 with 1 M aqueous solution of HCI and organic layer was
recovered, washed again with 1 M HCl and brine. The organic layer was dried over anhydrous
Na,SO,, filtered and the solvent was evaporated under reduced pressure to yield the protected
phenol 123 (784 mg, 85%) as a yellow oil after purification by silica gel flash column chromatography

(petroleum ether/EtOAc 9:1). R=0.58 (petroleum ether/EtOAc 7:3).

'H NMR (400 MHz, CDCl5) & = 0.14 (s, 6H, Si(CHs),), 0.88 (t, 3H, J = 6.9 Hz, CHs), 0.98 (s, 9H, SiC(CH;)s),
1.26 — 1.31 (m, 14H, CH,), 1.39 — 1.48 (m, 2H, CH,), 1.55 — 1.67 (m, 4H, CH,), 2.15 — 2.22 (m, 4H, H-2,
H-9), 2.51 (t, 3H, J = 6.9 Hz, COCH,), 3.78 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.68 (br s, 1H,
CH,NH), 6.07 (dt, 1H, J = 15.9, 1.5 Hz, H-11), 6.67 — 6.87 (m, 4H, Ha,, H-10).

3C NMR (101 MHz, CDCl5) 6 = -4.50 (Si(CHs),), 14.18 (CH;), 18.58 (SiC(CH3)3), 22.65 (CH,), 24.45 (CH,),
25.85 (CH,, SiC(CHs)s), 25.88 (CH,), 28.21 (CH,), 29.14 (CH,), 29.23 (CH,), 29.33 (CH,), 29.35 (CH,),
29.39 (CH,), 31.77 (CH,), 32.54 (CH,), 36.97 (C-2), 40.27 (COCH,), 43.65 (CH,NH), 55.63 (CHs0),
112.11 (€-2’), 120.32 (C-6’), 121.00 (C-5’), 130.48 (C-11), 131.93 (C-1’), 144.65 (C-4’), 147.37 (C-10),
151.22 (C-3’), 172.97 (NHCO), 201.19 (COCH,).

IR (ATR) v=3328, 2955, 2928, 2856, 1712, 1654, 1511, 1463, 1418, 1361, 1281, 907, 728 cm™".

HR-MS (ESI"): m/z: [M+Na]" Calcd. for C3,HssNO,SiNa 568.3793; Found 568.3835.
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Experimental part

N-{4-[(tert-butyldimethylsilyl)oxy]-3-methoxybenzyl}-9-(3-hexyl-4,5-dihydro-1H-pyrazol-5-
yl)nonanamide (124)

JJ\/\/\/\W\/\
NP oﬁ

Chemical Formula: C;,Hs;N305Si
MW= 559,42 g-mol™
64% Hydrazine (240 pL, 3.07 mmol) was added to a solution of (E)-N-{4-[(tert-butyldimethylsilyl)oxy]-
3-methoxybenzyl}-12-oxooctadec-10-enamide 123 (284 mg, 0.52 mmol) in EtOH (3 mlL) under
nitrogen atmosphere. The reaction mixture was stirred at reflux for 20 h. The solvent was evaporated
under reduced pressure to yield the compound 124 (247 mg, 83%) as a yellow oil. The *H NMR

spectra revealed the partial deprotection of the phenol group (50%).

'H NMR (400 MHz, CDCl3) & = 0.14 (s, 6H, Si(CHs),), 0.87 (t, 3H, J = 6.9 Hz, CH3), 0.98 (s, 9H, SiC(CHs)s),
0.98 (s, 9H, SiC(CHs)3), 1.24 — 1.33 (m, 16H, CH,), 1.43 — 1.56 (m, 4H, CH,), 1.59 — 1.69 (m, 2H, H-9),
2.11 - 2.22 (m, 3H, H-11a, H-13), 2.26 (t, 2H, J = 6.9 Hz, H-2), 2.65 (dd, 1H, J = 16.8, 9.4 Hz, H-11b),
2.55 - 2.66 (m, 1H, H-10), 3.78 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.68 (br s, 1H, CH,NH),
6.67 — 6.88 (M, 3H, Ha,).

Methyl 9-(3-hexyl-4,5-dihydro-1-methyl-1H-pyrazol-5-yl)nonanoate (126)

0]

Chemical Formula: C,oH33N,0,
MW=338.53 g-mol™
Methylhydrazine (407 plL, 7.73 mmol) was added to a solution of methyl (E)-12-oxo-10-
octadecenoate 10d (300 mg, 0.97 mmol) in IPA (4 mL) under nitrogen atmosphere. The reaction
mixture was stirred at reflux for 20 h. The solvent was evaporated under reduced pressure to yield
the compound 126 (148 mg, 45%) as a yellow oil after purification by silica gel flash chromatography
(petroleum ether/EtOAc 9:1). R=0.5 (petroleum ether/EtOAc 9:1).

'H NMR (400 MHz, CDCl3) 6 = 0.87 (t, 3H, J = 6.8 Hz, CHs), 1.24 — 1.33 (m, 16H, CH,), 1.41 — 1.54 (m,
3H, H-9a, H-14), 1.55 — 1.67 (m, 2H, CH,), 1.68 — 1.80 (m, 1H, H-9b), 2.20 — 2.34 (m, 5H, H-2, H-11a,
H-13), 2.60 — 2.78 (m, 5H, H-10, H-11b, NCH;), 3.66 (s, 3H, CH5CO).
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C NMR (101 MHz, CDCl;) § = 14.20 (CH3), 22.67 (CH,), 25.06 (CH,), 26.90 (CH,), 27.29 (CH,), 29.17
(CH3), 29.25 (CHy), 29.31 (CHy), 29.51 (CHy), 29.85 (CH,), 30.95 (CH,), 31.72 (CH,), 33.05 (CH,), 34.23
(C-2), 41.65 (NCH;), 42.45 (C-11), 51.61 (CH;30), 69.88 (C-12), 156.35 (C-10), 174.44 (COOCHj;).

IR (ATR) v=2925, 2855, 2780, 1735, 1674, 1434, 1169, 1008, 725 cm™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C,oH3sN,0, 339.3006; Found 339.3013

Methyl 9-(3-hexyl-1-methyl-1H-pyrazol-5-yl)nonanoate (127)

0]

Chemical Formula: C,0H3¢N>0,
MW=336.51 g-mol™
[250643-19-7]
DDQ (184 mg, 0.81 mmol) was added to a solution of methyl 9-(3-hexyl-4,5-dihydro-1-methyl-1H-
pyrazol-5-yl)nonanoate 126 (250 mg, 0.74 mmol) in anhydrous dioxane (23 mL). The reaction mixture
was stirred at reflux for 16 h and then, filtered over Celite® to yield the compound 127 (110 mg, 44%)

as a yellow oil after purification by silica gel column chromatography (petroleum ether/EtOAc 8:2).

Ri=0.5 (petroleum ether/EtOAc 7:3). The spectral data were in accordance with the literature:™®

'H NMR (400 MHz, CDCl3) § = 0.87 (t, 3H J = 6.9 Hz, CHs), 1.28 — 1.34 (m, 14H, CH,), 1.55 — 1.67 (m,
6H, CHy), 2.29 (t, 2H, J = 6.9 Hz, H-2), 2.48 — 2.55 (m, 4H, H-9, H-13), 3.65 (s, 3H, CH30), 3.69 (s, 3H,
CHsN), 5.78 (s, 1H, H-11).

BC NMR {'H} (101 MHz, CDCl5) § = 14.21 (CH;), 22.72 (CH,), 25.03 (CH,), 25.76 (CH,), 28.44 (CH,),
28.55 (CH,), 29.21 (CH,), 29.26 (CH,), 29.27 (CH,), 29.34 (2xCH,), 30.02 (CH,), 31.82 (CH,), 34.19 (C-2),
35.78 (CHsN), 51.57 (CH30), 102.67 (C-11), 143.75 (C-10), 152.17 (C-12), 174.38 (COOCH3).

IR (ATR) v=2926, 2854, 1737, 1435, 1195, 1006, 776, 725 cm™.
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9-(3-Hexyl-1-methyl-1H-pyrazol-5-yl)nonanoic acid (128)

0]

HO =z
Chemical Formula: C;3H14N,0,
MW=322.49 g-mol™

The hydrolysis of methyl 9-(3-hexyl-1-methyl-1H-pyrazol-5-yl)nonanoate 127 (50 mg, 0.15 mmol) was
performed according to the general procedure 5.2.6. for chemical ester hydrolysis using LiOH-H,0

19 mg, 0.45 mmol) in THF/H,0 1:1 (700 L) to yield the acid 128 (45 mg, 94%) as a yellow oil.
( 8 ) 2 (700 pL) toy (45mg, 94%) asay

'H NMR (400 MHz, CDCl5) & = 0.87 (t, 3H, J = 6.9 Hz, CHs), 1.28 — 1.34 (m, 14H, CH,), 1.55 — 1.66 (m,
6H, CH,), 2.33 (t, 2H, J = 6.9 Hz, H-2), 2.48 — 2.56 (m, 4H, H-9, H-13), 3.72 (s, 3H, CH;N).

3C NMR (101 MHz, CDCl3) & = 14.21 (CHs), 22.70 (CH,), 24.89 (CH,), 25.66 (CH,), 28.04 (CH,), 28.46
(CH,), 29.16 (CH,), 29.23 (CH,), 29.24 (2xCH,), 29.30 (CH,), 29.87 (CH,), 31.78 (CH,), 34.31 (C-2), 35.52
(CH;N), 102.80 (C-11), 144.04 (C-10), 152.09 (C-12), 178.65 (COOH).

IR (ATR) v=2925, 2854, 2537, 1711, 1458, 1240, 1194, 780, 725 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for Cy5H3sN,0, 323.2693; Found 323.2695.

9-(3-Hexyl-1-methyl-1H-pyrazol-5-yl)-N-(4-hydroxy-3-methoxybenzyl) nonanamide (86)

0]

Chemical Formula: C,;H,3N303
MW=457.65 g-mol™
Amidation of 9-(3-hexyl-1-methyl-1H-pyrazol-5-yl)nonanoic acid 128 (45 mg, 0.14 mmol) was
performed according to the general procedure 5.2.5. for amide coupling using HATU (80 mg, 0.21
mmol), 4-hydroxy-3-methoxybenzylamine hydrochloride 99 (30 mg, 0.15 mmol) and DIPEA (73 uL,
0.42 mmol) in anhydrous DMF (2 mL) to yield the compound 86 (40 mg, 62%) as a yellow oil after

purification by silica gel flash column chromatography (petroleum ether/EtOAc 6:4). R=0.36
(petroleum ether/EtOAc 6:4).

'H NMR (400 MHz, CDCl5) 6 = 0.87 (t, 3H, J = 6.9 Hz, CHs), 1.26 — 1.36 (m, 14H, CH,), 1.55 — 1.68 (m,
6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.47 — 2.57 (m, 4H, H-9, H-13), 3.70 (s, 3H, N-CHs), 3.87 (s, 3H,
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CH;0), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.70 (br s, 1H, OH), 5.79 (s, 1H, H-11), 6.78 (ddd, 3H, J = 12.5,
9.90, 5.0 Hz, Hy,).

3C NMR (101 MHz, CDCl3) & = 14.23 (CHs), 22.73 (CH,), 25.74 (CH,), 25.85 (CH,), 28.40 (CH,), 28.55
(CH,), 29.34 (3xCH,), 29.37 (CH,), 29.38 (CH,), 30.00 (CH,), 31.82 (CH,), 35.77 (N-CHs), 36.94 (C-2),
43.66 (CH,NH), 56.07 (CH;0), 102.75 (C-11), 110.88 (C-2’), 114.53 (C-5’), 120.89 (C-6’), 130.48 (C-1’),
143.87 (C-10), 145.31 (C-4’), 146.88 (C-3’), 152.17 (C-12), 172.94 (NHCO).

IR (ATR) v=3257, 2925, 2854, 1643, 1514, 1461, 1429, 1274, 1035, 794, 724 cm™,
R{=0.36 (petroleum ether/EtOAc 6:4)

HR-MS (ESI’): m/z: [M+H]" Calcd. for C,;H44N30; 458.3377; Found 458.3376.

9-(3-Hexyl-1-phenyl-1H-pyrazol-5-yl)-N-(4-hydroxy-3-methoxybenzyl) nonanamide (87)

0]

Chemical Formula: C;,H45N50;
MW=519.72 g-mol™

Phenylhydrazine (34 pL, 0.35 mmol) was added to a solution of (E)-N-(4-hydroxy-3-methoxybenzyl)-
12-oxooctadec-10-enamide 75 (75 mg, 0.17 mmol) and glacial acetic acid (341 pL) in anhydrous
toluene (850 pL). The reaction mixture was stirred at 80 °C for 20 h in an open vessel. The solvent
was evaporated under reduced pressure to yield the compound 87 (23 mg, 20%) as a yellowish oil
after purification by silica gel flash column chromatography (petroleum ether/Et,0 1:9). R=0.4
(petroleum ether/Et,0 2:8).

'H NMR (400 MHz, CDCl3) & = 0.89 (t, 3H, J = 6.9 Hz, CH3), 1.24 — 1.33 (m, 12H, CH,), 1.52 — 1.72 (m,
8H, CH,), 2.17 (t, 2H, J = 6.9 Hz, H-2), 2.59 (t, 2H, J = 6.9 Hz, H-13), 2.66 (t, 2H, J = 6.9 Hz, H-9), 3.87 (s,
3H, CH;0), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.60 (br s, 2H, CH,NH, OH), 6.03 (s, 1H, H-11), 6.79 (ddd,
3H, J=12.5,9.9, 5.0 Hz, H,,), 7.32 — 7.48 (M, 5H, Hppeny)-

3C NMR (101 MHz, CDCl3) & = 14.25 (CHs), 22.76 (CH,), 25.85 (CH,), 26.42 (CH,), 28.90 (CH,), 29.25
(CH,), 29.31 (CH,), 29.32 (CH,), 29.36 (2xCH,), 29.81 (CH,), 29.85 (CH,), 31.83 (CH,), 36.96 (C-2), 43.69
(CH,NH), 56.09 (CH;0), 104.38 (C-11), 110.84 (C-2’), 114.50 (C-5’), 120.96 (C-6’), 125.57 (2xC-2"),
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127.81 (C-4”), 129.19 (2xC-3”), 130.54 (C-1’), 144.77 (C-12), 145.27 (C-&’), 146.81 (C-3’), 153.81 (C-
10, C-1”"), 172.88 (NHCO).

IR (ATR) v=3274, 3066, 2925, 2854, 1720, 1644, 1504, 1274, 1035, 795, 695 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for C3,H4sN303 520.3534; Found 520.357.

Methyl (Z2)-10-hydroxy-12-oxooctadec-10-enoate (129)

0]

9 11 13
~o e
OH O
Chemical Formula: C19H340,4
MW=326.47 g-mol™
[17414-55-0]"
Na,PdCl, (95 mg, 0.32 mmol) and 70% tert-butylhydroperoxide (1.34 mL, 0.97 mmol) were added to
a solution of the methyl (E)-12-oxooctadec-10-enoate 10d (1g, 3.22 mmol) in IPA/H,0 1:1 (3.3 mL).
The reaction mixture was stirred at 50 °C for 24 h. The mixture was taken up in H,0 and extracted
into EtOAc. The organic phase was dried over anhydrous Na,SO,, filtered and the solvent was
evaporated under reduced pressure to yield the B-hydroxyketone 129 (780 mg, 74%) as a yellow oil
after purification by silica gel column chromatography (petroleum ether/EtOAc 98:2). R=0.4
(petroleum ether/EtOAc 95:5). B-Diketone tautomer was observed in NMR (ca. 12%), only the most

representative signals are described.

'H NMR (400 MHz, CDCl5) § = 0.86 (t, 3H, J = 6.9 Hz, CH,), 1.24 — 1.30 (m, 14H, CH,), 1.53 — 1.61 (m,
6H, CH,), 2.22 — 2.30 (m, 6H, H-2, H-9, H-13), 3.64 (s, 3H, CH;0), 5.45 (s, 1H, H-11). B-diketone: 3.52
(s, 2H, H-11), 2.39 — 2.50 (m, 4H, H-9, H-13).

C NMR (101 MHz, CDCls) & = 14.13 (CH3), 22.59 (CH,), 25.00 (CH,), 25.77 (CH,), 25.80 (CH,), 29.01
(CH,), 29.15 (CH,), 29.16 (CH,), 29.24 (CH,), 29.24 (CH,), 31.64 (CH,), 34.16 (C-2), 38.48 (C-13), 38.49
(C-9), 51.52 (CH30), 99.15 (C-11), 174.35 (COOCH3), 194.59 (C-10), 194.60 (COCH,). B-diketone: 43.85
(C-9),43.92 (C-13), 57.28 (C-11), 204.48 (COCH,), 204.54 (COCH,).

IR (ATR) v=2927, 2856, 1737, 1603, 1435, 1170, 776, 725 cm .

HR-MS (ESI*): m/z: [M+H]" Calcd. for CyoH3504 327.2535; Found 327.2532.
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Methyl 9-(3 or 5-hexylisoxazol-5 or 3-yl)nonanoate (130)

0]
11
130a ~o0 2
2
O—N
0]
11
130b ~o ; { A
N—O

Chemical Formula: C;gH33NO;
MW=323.47 g-mol*
Hydroxylamine chloride (132 mg, 1.30 mmol) was added to a solution of the methyl (Z)-10-hydroxy-
12-oxooctadec-10-enoate 129 (222 mg, 0.68 mmol) in pyridine (6.5 mL). The reaction mixture was
stirred at room temperature for 24 h. The mixture was taken up in H,0 and extracted into EtOAc. The
organic phase was dried over anhydrous Na,SO,, filtered and the solvent was evaporated under
reduced pressure. The resulting material was dissolved in toluene and p-toluenesulphonic acid (127
mg, 0.67 mmol) was added. This solution was stirred at 60 °C for 1.5 h. H,0 and EtOAc were added
and the resulting organic layer was separated. The aqueous layer was extracted with EtOAc and the
combined organic layers were dried over anhydrous Na,SO,, filtered and the solvent was evaporated
under reduced pressure to yield a mixture of isomers 130 (80 mg, 36%) as a yellow oil after
purification by silica gel flash column chromatography (DCM/MeOH 98:2). R=0.45 (DCM). The 'H

NMR signals for both isomers were indistinguishable and they were elucidated by *C NMR.

'H NMR (400 MHz, CDCl3) 6 = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.26 — 1.37 (m, 14H, CH,), 1.58 — 1.71 (m,
6H, CH,), 2.30 (t, 2H, J = 6.9 Hz, H-2), 2.60 (td, 2H, J = 7.9, 2.0 Hz, CHC=NCH,), 2.69 (td, 2H, J = 7.9, 20
Hz, , CH,COC=H), 3.66 (s, 3H, CH50), 5.79 (s, 1H, H-11).

130a:

C NMR (101 MHz, CDCl;) & = 14.17 (CH3), 22.63 (CH,), 25.04 (CH,), 26.20 (CH,), 26.85 (CH,), 27.62
(CH,), 28.43 (CH,), 28.91 (CH,), 29.04 (CH,), 29.15 (CH,), 29.21 (CH,), 29.27 (CH,), 31.56 (CH,), 34.21
(C-2), 51.60 (CH50), 100.35 (C-11), 164.14 (CHC=NCH,), 173.37 (CH,€OC=H), 174.41 (COOCH,).

130b:

3C NMR (101 MHz, CDCl5) & = 14.18 (CHs), 22.66 (CH,), 25.06 (CH,), 26.22 (CH,), 26.87 (CH,), 27.62
(CH,), 28.45 (CH,), 28.91 (CH,), 29.04 (CH,), 29.16 (CH,), 29.23 (CH,), 29.27 (CH,), 31.64 (CH,), 34.22
(C-2), 51.60 (CH30), 100.38 (C-11), 164.23 (CHC=NCH,), 173.49 (CH,COC=H), 174.43 (COOCH;).

IR (ATR) v=2926, 2855, 1735, 1601, 1435, 1170, 790, 725 cm ™.
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9-(3 or 5-Hexylisoxazol-5 or 3-yl)nonanoic acid (131)

0]
11
131a HO =z
2 /
O—N
0]
11
131b HO { AN
2
N—O

Chemical Formula: C;5H;,NO;
MW=309.44 g-mol™
The hydrolysis of the mixture of isomers 130 (80 mg, 0.24 mmol) was performed according to the
general procedure 5.2.6. for chemical ester hydrolysis using LiOH-H,0 (31 mg, 0.74 mmol) in THF/H,0
1:1 (1 mL) to yield the corresponding mixture of isomers 131 (64 mg, 83%) as a yellowish solid.
mp=55-57 °C. The 'H NMR signals for both isomers were indistinguishable and they were elucidated

by *C NMR.

'H NMR (400 MHz, CDCl5) & = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.29 — 1.36 (m, 14H, CH,), 1.60 — 1.70 (m,
6H, CH,), 2.34 (t, 2H, J = 6.9 Hz, H-2), 2.61 (td, 2H, J = 7.9, 2.0 Hz, CHC=NCH,), 2.69 (td, 2H, J = 7.9, 20
Hz, , CH,COC=H), 5.80 (s, 1H, H-11).

131a:

3C NMR (101 MHz, CDCl5) 6 = 14.17 (CHs), 22.64 (CH,), 24.78 (CH,), 26.18 (CH,), 26.84 (CH,), 27.62
(CH,), 28.41 (CH,), 28.92 (CH,), 29.05 (CH,), 29.14 (CH,), 29.25 (CH,), 29.85 (CH,), 31.57 (CH,), 33.97
(C-2), 100.37 (C-11), 164.15 (CHC=NCH,), 173.37 (CH,COC=H), 178.88 (COOH).

131b:

C NMR (101 MHz, CDCls) & = 14.19 (CH3), 22.67 (CH,), 24.78 (CH,), 26.21 (CH,), 26.88 (CH,), 27.62
(CH,), 28.45 (CH,), 28.92 (CH,), 29.10 (CH,), 29.19 (CH,), 29.25 (CH,), 29.85 (CH,), 31.65 (CH,), 33.97
(C-2), 100.42 (C-11), 164.24 (CHC=NCH,), 173.52 (CH,€OC=H), 178.91 (COOH).

IR (ATR) v=3111, 2919, 2851, 1693, 1601, 1411, 937, 720 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for C15H3,NO3 310.2377; Found 310.2402.
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N-(4-Hydroxy-3-methoxybenzyl)-9-(3 or 5-hexylisoxazol-5 or 3-yl)nonanamide (88)

0
2! 11
0w
88a - 1 H)J\z/\/\/\/\(Y\/\/\
HO a7 © O—N
z
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2! 11
0w
HO N ¢ N—0
z

Chemical Formula: C;gH4oN,0,
MW=444.61 g-mol*
Amidation of the mixture of isomers 131 (65 mg, 0.21 mmol) was performed according to the general
procedure 5.2.5. for amide coupling using HATU (119 mg, 0.31 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (43 mg, 0.23 mmol) and DIPEA (110 pL, 0.63 mmol) in
anhydrous DMF (3 mL) to yield a mixture of the two isomers 88 (40 mg, 43%) as a white solid after
purification by silica gel flash column chromatography (petroleum ether/EtOAc 7:3). R=0.37
(petroleum ether/EtOAc 7:3). mp=56-59 °C. The 'H NMR signals for both isomers were

indistinguishable and they were elucidated by *C NMR.

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.26 — 1.38 (m, 14H, CH,), 1.57 — 1.71 (m,
6H,CH,), 2.20 (t, 2H, J = 6.9 Hz, H-2), 2.59 (td, 2H, J = 7.9, 2.0 Hz, CHC=NCH,), 2.68 (td, 2H, J = 7.9, 2.0
Hz, CH,COCH), 3.87 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.80 (s, 1H, H-11), 5.89 (br s, 1H,
OH), 6.79 (ddd, 3H, J = 12.50, 9.9, 5.0 Hz, Hp,).

88a:

3C NMR (101 MHz, CDCl5) & = 14.16 (CH,), 22.62 (CH,), 25.88 (CH,), 26.10 (CH,), 26.78 (CH,), 27.60
(CH,), 28.33 (CH,), 28.90 (CH,), 29.03 (CH,), 29.12 (CH,), 29.20 (CH,), 31.55 (CH,), 31.62 (CH,), 36.63
(C-2), 43.84 (CH,NH), 56.08 (CH;0), 100.41 (C-11), 110.89 (C-2’), 114.53 (C-5’), 120.96 (C-6’), 130.16
(C-1’), 145.33 (C-4’), 146.86 (C-3’), 164.13 (CHC=NCH,), 173.38 (NHCO), 173.57 (CH,COC=H).

88a:

3C NMR (101 MHz, CDCl3) & = 14.17 (CHs), 22.65 (CH,), 25.88 (CH,), 26.19 (CH,), 26.86 (CH,), 27.60
(CH,), 28.42 (CH,), 28.90 (CH,), 29.03 (CH,), 29.15 (CH,), 29.26 (CH,), 31.55 (CH,), 31.62 (CH,), 36.63
(C-2), 43.84 (CH,NH), 56.08 (CH;0), 100.47 (C-11), 110.89 (C-2’), 114.53 (C-5’), 120.96 (C-6’), 130.16
(C-1’), 145.33 (C-4’), 146.86 (C-3’), 164.26 (CHC=NCH,), 173.38 (NHCO), 173.57 (CH,COC=H).

IR (ATR) v=3510, 3325, 2916, 2850, 1703, 1642, 1519, 1292, 1031, 846, 721 cm™.
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HR-MS (ESI*): m/z: [M+H]" Calcd. for C,¢H4:1N,0, 445.3061; Found 445.3088.

Methyl (Z)-12-oxooctadec-9-enoate (10b)

0] 0

2 8 11
Chemical Formula: C;gH;,05
MW=310.47 g-mol™
[3047-65-2]
Oxidation of methyl ricinoleate 10a (10 g, 32 mmol) was performed according to the general
procedure 5.2.7. for alcohol oxidation using CrO; (19.2 g, 192 mmol) and pyridine (31 mL, 384 mmol)
in DCM (120 mL) to yield the ketone 10b (5.96 g, 60%) as a yellowish oil after purification by silica gel
column chromatography (petroleum ether/Et,0 98:2). R=0.48 (petroleum ether/Et,0 9:1). The

spectral data were in accordance with the literature:*®

'H NMR (400 MHz, CDCl3) 6 = 0.86 (t, 3H, J = 6.9 Hz, CH), 1.24 — 1.33 (m, 14H, CH,), 1.51 — 1.63 (m,
4H, CH,), 2.01 (q, 2H, J = 6.4 Hz, H-8), 2.29 (t, 2H, J = 6.9 Hz, H-2), 2.41 (t, 2H, J = 6.9 Hz, COCH,), 3.13
(d, 2H, J = 5.7 Hz, H-11), 3.65 (s, 3H, CH0), 5.48 — 5.61 (m, 2H, H-9, H-10).

3C NMR (101 MHz, CDCl3) & = 14.14 (CHs), 22.61 (CH,), 23.90 (CH,), 25.03 (CH,), 27.59 (CH,), 29.01
(CH,), 29.18 (CH,), 29.19 (CH,), 29.23 (CH,), 29.38 (CH,), 31.72 (CH,), 34.19 (C-2), 41.77 (C-11), 42.49
(COCH,), 51.55 (CH50), 121.14 (C-10), 133.63 (C-9), 174.37 (COOCH;), 209.35 (COCH,).

IR (ATR) v=2926, 2855, 1738, 1716, 1435, 1195, 1170, 1072, 842, 725 cm ™.

Methyl 8-[3-(2-oxooctyl)oxiran-2-yl]Joctanoate (134)

O 0 o]

2 11
Chemical Formula: CigH5,0,4
MW=326.47 g-mol™
[34724-40-8]
m-Chloroperbenzoic acid (214 mg, 1.24 mmol) was added to a solution of methyl (2)-12-oxooctadec-
9-enoate 10b (210 mg, 0.68 mmol) in DCM (75 mL). The reaction mixture was stirred at room
temperature for 16 h. An aqueous solution of 10% Na,SO; was added and the organic layer was
recovered, washed sequentially with saturated solution of NaHCO; and H,0, dried over anhydrous

Na,S0, and filtered. The solvent was evaporated under reduced pressure to yield the epoxide 134

(110 mg, 50%) as a yellow oil after purification by silica gel column chromatography (petroleum
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ether/Et,0 8:2). R=0.8 (petroleum ether/Et,0 7:3). The spectral data were in accordance with the

literature:*

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.24 — 1.38 (m, 14H, CH,), 1.43 — 1.49 (m,
2H, CH,), 1.58 — 1.66 (m, 4H, CHy), 2.30 (t, 2H, J = 6.9 Hz, H-2), 2.47 (t, 2H, J = 6.9 Hz, COCH,), 2.57
(dd, 1H, J = 17.2, 6.0 Hz, H-11a), 2.68 (dd, 1H, J = 17.2, 6.0 Hz, H-11b), 2.95 — 3.01 (m, 1H, H-10),3.26
—3.32(m, 1H, H-9), 3.67 (s, 3H, CH;0).

3C NMR (101 MHz, CDCl3) & = 14.17 (CHs), 22.63 (CH,), 23.71 (CH,), 25.03 (CH,), 26.55 (CH,), 28.12
(CH,), 28.98 (CH,), 29.16 (CH,), 29.29 (CH,), 29.41 (CH,), 31.72 (CH,), 34.20 (C-2), 41.77 (C-10), 43.51
(COCH,), 51.62 (CH;0), 52.50 (C-11), 56.67 (C-9), 174.40 (COOCH;), 208.63 (COCH,).

IR (ATR) v=2951, 2917, 2850, 1736, 1702, 1174, 847,717 cm™.

Methyl 8-(5-hexylfuran-2-yl)octanoate (135)

O 10 11
)WM
N
© 2 8 O 5

Chemical Formula: C;5H3,0;
MW=308.46 g-mol™
[10038-16-1]
NaNj3 (36.5 mg, 0.56 mmol) and NH,Cl (30 mg, 0.56 mmol) were added to a solution of methyl 8-[3-
(2-oxooctyl)oxiran-2-ylloctanoate 134 (60 mg, 0.18 mmol) in EtOH/H,0 5:1 (7.8 mL). The reaction
mixture was stirred under reflux for 40 min. The mixture was taken up in H,O and extracted into
Et,0. The organic layer was dried over anhydrous Na,SO,, filtered and the solvent was evaporated
under reduced pressure to yield the furan 135 (43 mg, 76%) as a yellowish oil after purification by
silica gel column chromatography (petroleum ether/Et,0 98:2). Ri=0.7 (petroleum ether/Et,0 95:5).

The spectral data were in accordance with the literature:™

'H NMR (400 MHz, CDCl5) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.29 — 1.34 (m, 12H, CH,), 1.56 — 1.65 (m,
6H, CH,), 2.30 (t, 2H, J = 6.9 Hz, H-2), 2.55 (t, 2H, J = 6.9 Hz, H-8, H-13), 3.66 (s, 3H, CH30), 5.83 (s, 2H,
H-10, H-11).

C NMR (101 MHz, CDCl;) & = 14.20 (CH3), 22.71 (CH,), 25.05 (CH,), 28.15 (CH,), 28.20 (C-8, C-13),
28.24 (CH,), 29.02 (CHy), 29.12 (2xCH,), 29.18 (CH,), 31.73 (CH,), 34.21 (C-2), 51.55 (CH30), 104.91 (C-
11), 104.98 (C-10), 154.57 (C-12), 154.79 (C-9), 174.39 (COOCH3).

IR (ATR) v=2927, 2856, 1740, 1566, 1434, 1170, 1012, 778, 726 cm ™.
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8-(5-Hexylfuran-2-yl)octanoic acid (136)

10 11

W\/\/
HO (0]

2 8 13
Chemical Formula: C;gH;,05
MW=294.43 g-mol™
[4179-44-6]°
The hydrolysis of methyl 8-(5-hexylfuran-2-yl)octanoate 135 (40 mg, 0.13 mmol) was performed
according to the general procedure 5.2.6. for chemical ester hydrolysis using LiOH-H,0 (17 mg, 0.39

mmol) in THF/H,0 1:1 (700 uL) to yield the acid 136 (36 mg, 94%) as a yellow oil.

'H NMR (400 MHz, CDCl3) & = 0.89 (t, 3H, J = 6.9 Hz, CH;), 1.28 — 1.39 (m, 12H, CH,), 1.56 — 1.68 (m,
6H, CH,), 2.35 (t, 2H, J = 6.9 Hz, H-2), 2.56 (t, 2H, J = 6.9 Hz, H-8, H-13), 5.84 (s, 2H, H-10, H-11).

3C NMR (101 MHz, CDCls) & = 14.21 (CHs), 22.73 (CH,), 24.78 (CH,), 28.16 (CH,), 28.21 (C-8), 28.22
(C-13), 28.25 (CH,), 29.03 (CH,), 29.11 (CH,), 29.12 (CH,), 31.75 (CH,), 34.18 (C-2), 104.93 (C-11),
105.00 (C-10), 154.57 (C-12), 154.82 (C-9), 180.25 (COOH).

IR (ATR) v=2926, 2856, 1707, 1566, 1219, 1012, 953, 777, 725 cm ™.

HR-MS (ESI"): m/z: [M+H]" Calcd. for C15H3,05 295.2268; Found 295.2256.

8-(5-Hexylfuran-2-yl)-N-(4-hydroxy-3-methoxybenzyl)octanamide (89)

10 11

(0]
O A /lk/\/\/\/gm\/\/
N N 0

H 2 8 13

Chemical Formula: C,cH3;9NO,
MW=429.59 g-mol™
Amidation of 8-(5-hexylfuran-2-yl)octanoic acid 136 (40 mg, 0.14 mmol) was performed according to
the general procedure 5.2.5. for amide coupling using HATU (78 mg, 0.20 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (29 mg, 0.15 mmol) and DIPEA (71 pL, 0.41 mmol) in
anhydrous DMF (2 mL) to yield the amide 89 (38 mg, 65%) as a yellow oil after purification by silica

gel flash column chromatography (petroleum ether/EtOAc 7:3). R=0.41 (petroleum ether/EtOAc 7:3).

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.26 — 1.36 (m, 12H, CH,), 1.54 — 1.70 (m,
6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.55 (t, 2H, J = 6.9 Hz, H-8, H-13), 3.87 (s, 3H, CH;0), 4.35 (d, 2H,
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J=5.7 Hz, CH,NH), 5.65 (s, 1H, CH,NH), 5.66 (br s, 1H, OH), 5.83 (s, 2H, H-10, H-11), 6.79 (ddd, 3H, J =
12.5,9.9, 5.0 H, Ha,).

3C NMR (101 MHz, CDCl3) & = 14.22 (CHs), 22.72 (CH,), 25.88 (CH,), 28.16 (CH,), 28.20 (CH,), 28.21
(CH,), 28.24 (CH,), 29.03 (CH,), 29.17 (CH,), 29.22 (CH,), 29.35 (CH,), 31.74 (CH,), 36.97 (C-2), 43.68
(CH,NH), 56.07 (CH;0), 104.92 (C-11), 104.99 (C-10), 110.83 (C-2’), 114.50 (C-5’), 120.95 (C-6’),
130.52 (C-1’), 145.26 (C-4’), 146.83 (C-3’), 154.56 (C-9), 154.83 (C-12), 172.97 (NHCO).

IR (ATR) v=3312, 2918, 2851, 1640, 1550, 1381, 1256, 1153, 1124, 796, 722 cm™.

R=0.41 (petroleum ether/EtOAc 7:3)

10-Azido-12-hydroxy-N-(4-hydroxy-3-methoxybenzyl)octadecanamide (137)

0]

N; OH

Chemical Formula: CycHs4N,O,
MW=476.65 g-mol™
NaBH, (68 mg, 1.79 mmol) was added in portions to a solution of the 10-azido-N-(4-hydroxy-3-
methoxybenzyl)-12-oxooctadecanamide 118 (170 mg, 0.36 mmol) in MeOH (4 mL) previously cooled
at 0 °C. The reaction mixture was stirred at 0 °C for 30 min. The solvent was evaporated under
reduced pressure. The mixture was taken up in H,0 and extracted into EtOAc. The organic phase was
dried over anhydrous Na,SO,, filtered and the solvent was evaporated under reduced pressure to
yield the PB-hydroxyazide 137 (156 mg, 91%, yellow oil) as the mixture of stereoisomers.

Diastereoisomers could be elucidated by NMR.
First diastereoisomer:

'H NMR (400 MHz, CDCl3) & = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.25 — 1.34 (m, 17H, CH,, H-11a), 1.43 —
1.47 (m, 3H, CH,, H-11b), 1.51 — 1.66 (m, 6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.81 (s, 1H, CHOH),
3.42 - 3.51 (m, 1H, CHN;), 3.68 — 3.76 (m, 1H, CHOH), 3.88 (s, 3H, CH;0), 4.35 (d, 2H, J = 5.7 Hz,
CH,NH), 5.65 (br s, 1H, OH), 6.80 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Ha,).

3C NMR (101 MHz, CDCl5) & = 14.22 (CHs), 22.75 (CH,), 25.55 (CH,), 25.83 (CH,), 25.93 (CH,), 29.29
(CH,), 29.32 (CH,), 29.35 (CH,), 29.40 (CH,), 29.42 (CH,), 31.95 (CH,), 34.41 (C-9), 36.95 (C-2), 37.85
(C-13), 41.57 (C-11), 43.70 (CH,NH), 56.10 (CH;0), 61.19 (CHN3), 70.26 (CHOH), 110.85 (C-2’), 114.52
(C-5’), 120.96 (C-6’), 130.54 (C-1’), 145.27 (C-4’), 146.83 (C-3’), 172.98 (NHCO).
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Second diastereoisomer:

'H NMR (400 MHz, CDCl;) 6 = 0.88 (t, 3H, J = 6.9 Hz, CH;), 1.25 — 1.34 (m, 17H, CH,, H-11a), 1.43 -
1.47 (m, 3H, CH,, H-11b), 1.51 - 1.66 (m, 6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.81 (s, 1H, CHOH),
3.55 - 3.63 (m, 1H, CHN3), 3.78 — 3.85 (m, 1H, CHOH), 3.88 (s, 3H, CH;30), 4.35 (d, 2H, J = 5.7 Hz,
CH,NH), 5.66 (br s, 1H, OH), 6.80 (ddd, 3H, J=12.5,9.9, 5.0 Hz, Hg,).

3C NMR (101 MHz, CDCl5) 6 = 14.22 (CH), 22.75 (CH,), 25.71 (CH,), 25.83 (CH,), 26.18 (CH,), 29.29
(CH,), 29.32 (CH,), 29.35 (CH,), 29.40 (CH,), 29.42 (CH,), 31.95 (CH,), 35.07 (C-9), 36.95 (C-2), 38.30
(C-13), 41.96 (C-11), 43.70 (CH,NH), 56.10 (CH;0), 59.95 (CHN3), 68.81 (CHOH), 110.85 (C-2’), 114.52
(C-5’), 120.96 (C-6), 130.54 (C-1’), 145.27 (C-4’), 146.83 (C-3’), 172.98 (NHCO).

IR (ATR) v=3299, 3087, 2926, 2854, 2098, 1644, 1514, 1272, 1034, 722 cm ™.

HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,6H44N40,Na 458.3377; Found 458.3376.

9-(4-Hexylazetidin-2-yl)-N-(4-hydroxy-3-methoxybenzyl)nonanamide (90)

0]

10 N™ 12
H

Chemical Formula: C,sH14N,03
MW=432.64 g-mol™
PPh; (80 mg, 0.30 mmol) was added to a solution of 10-azido-12-hydroxy-N-(4-hydroxy-3-
methoxybenzyl)octadecanamide 137 (145 mg, 0.30 mmol) in dry MeCN (2 mL) under argon
atmosphere. The reaction mixture was stirred at reflux for 24 h. The solvent was evaporated under
reduced pressure to yield the azetidine 90 (20 mg, 15%) as a yellowish solid after purification by silica

gel flash column chromatography (EtOAc/MeOH 95:5). R=0.45 (EtOAc/MeOH 9:1). mp=95-98 °C.

'H NMR (400 MHz, CDCl3) & = 0.87 (t, 3H, J = 6.9 Hz, CH;), 1.13 — 1.34 (m, 18H, CH,), 1.51 — 1.69 (m,
6H, CH,), 2.01 (t, 2H, J = 6.9 Hz, H-11), 2.18 (t, 2H, J = 6.9 Hz, H-2), 3.62 — 3.72 (m, 2H, H-10, H-12),
3.85 (s, 3H, CH30), 4.28 — 4.40 (m, 2H, CH,NH), 4.51 (br s, 1H, CH,NHCH,), 5.74 — 5.82 (m, 1H,
CH;NH), 6.77 (ddd, 3H, J=12.5, 9.9, 5.0 Hz, Hyb,).

3C NMR (101 MHz, CDCl;) § = 14.22 (CH;), 22.74 (CH,), 25.73 (CH,), 25.78 (CH,), 25.93 (CH,), 29.18
(CHy), 29.30 (CH,), 29.32 (CH,), 29.39 (CH,), 29.57 (CH,), 31.99 (C-11), 32.27 (CH,), 36.91 (C-2), 37.82
(CHy), 37.93 (CH,), 43.62 (CH,NH), 55.67 (C-10, C-12), 56.01 (CH;0), 111.18 (C-2’), 115.21 (C-5’),
120.86 (C-6’), 130.32 (C-1’), 145.85 (C-4’), 147.47 (C-3’), 172.96 (NHCO).
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IR (ATR) v=3303, 2919, 2850, 1637, 15742, 1464, 1262, 1155, 1126, 1034, 721 cm ™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for CosHasN,05 433.3425; Found 433.3459.

9-(3-Heptanoyloxiran-2-yl)-N-(4-hydroxy-3-methoxybenzyl)nonanamide (91)

0]

2' 11 13

2 100
0o

Chemical Formula: C;sH41NOs

MW=447.61 g-mol*
30% aqueous solution of H,0, (170 uL, 2.16 mol) was added to a solution of (E)-N-(4-hydroxy-3-
methoxybenzyl)-12-oxooctadec-10-enamide 75 (120 mg, 0.29 mmol) and 1 M NaOH (280 uL, 0.28
mmol) in MeOH (1.2 mL) cooled at 0 °C. The reaction mixture was stirred at room temperature for 4
h. Saturated aqueous solution of Na,S,0, was added to destroy any remaining peroxide while the
temperature was kept below 40 °C. H,O was added and the aqueous solution was extracted with
diethyl ether. The organic layer was dried over anhydrous Na,SO, and filtered. The solvent was
evaporated under reduced pressure to yield the epoxyketone 91 (80 mg, 64%) as a white solid after
purification by silica gel column chromatography (CHCl;/EtOAc 8:2). Ri=0.38 (CHCl;/EtOAc 8:2).
mp=54-55 °C.

'H NMR (400 MHz, CDCl5) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.25 — 1.33 (m, 16H, CH,), 1.40 — 1.47 (m,
2H, CH,), 1.61 — 1.68 (m, 4H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.27 (ddd, 1H, J = 17.1, 8.5, 6.3 Hz, H-
13a), 2.42 (ddd, 1H, J = 17.1, 8.5, 6.3 Hz, H-13b), 3.00 — 3.04 (m, 1H, H-10), 3.19 (d, 1H, J = 1.8 Hz, H-
11), 3.88 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.60 (s, 1H, CH,NH), 5.65 (br s, 1H, OH), 6.80
(ddd, 3H, J=12.5,9.9, 5.0 Hz, Ha,).

3C NMR (101 MHz, CDCl3) & = 14.15 (CHs), 22.61 (CH,), 23.24 (CH,), 25.85 (CH,), 25.88 (CH,), 28.97
(CH,), 29.29 (CH,), 29.34 (CH,), 29.37 (CH,), 29.85 (CH,), 31.68 (CH,), 31.94 (CH,), 36.96 (C-2), 37.35
(C-13), 43.70 (CH,NH), 56.11 (CH;0), 58.48 (€-10), 59.80 (C-11), 110.87 (C-2’), 114.52 (C-5’), 120.98
(C-6’), 130.58 (C-1’), 145.28 (C-4’), 146.83 (C-3’), 172.94 (NHCO), 208.21 (COCH,).

IR (ATR) v=3507, 3294, 2923, 2851, 1712, 1637, 1517, 1238, 1024, 857, 706 cm™.
HR-MS (ESI*): m/z: [M+Na]" Calcd. for C,sHs1NOsNa 470.2877; Found 470.286.

[a]2’<1° (c 0.5, DCM)
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(R,2)-14-Hydroxy-N-(4-hydroxy-3-methoxybenzyl)eicos-11-enamide (92)

O OH

Chemical Formula: C,3H,7NO,
MW=461.68 g-mol™
Amidation of lesquerolic acid 12a (160 mg, 0.49 mmol) was performed according to the general
procedure 5.2.5. for amide coupling using HATU (279 mg, 0.73 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (102 mg, 0.54 mmol) and DIPEA (256 uL, 1.47 mmol) in
anhydrous DMF (7 mL) to yield the amide 92 (48 mg, 21%) as a yellow oil after purification by silica
gel flash column chromatography (DCM/EtOAc 95:5). R=0.48 (DCM/EtOAc 9:1).

'H NMR (400 MHz, CDCl5) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.23 — 1.36 (m, 20H, CH,), 1.42 — 1.49 (m,
2H, CH,), 1.62 — 1.68 (m, 2H, CH,), 2.04 (q, 2H, J = 6.4 Hz, H-8), 2.15 — 2.24 (m, 4H, H-2, H-11), 3.57 —
3.64 (m, 1H, CHOH), 3.88 (s, 3H, CH30), 4.35 (d, J = 5.7 Hz, 2H, CH,NH), 5.35 — 5.45 (m, 1H, H-10),
5.50 — 5.60 (m, 1H, H-9), 5.60 — 5.71 (m, 2H, CH,NH, OH), 6.78 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Hg,).

3C NMR (101 MHz, CDCl3) & = 14.21 (CH3), 22.74 (CH,), 25.83 (CH,), 25.88 (CH,), 27.51 (CH,), 29.36
(CH,), 29.37 (CH,), 29.39 (CHy), 29.47 (CH,), 29.51 (CH,), 29.55 (CH,), 29.73 (CH,), 31.95 (C-8), 35.46
(C-11), 36.93 (C-2), 36.94 (C-13), 43.63 (CH,NH), 56.04 (CH;0), 71.64 (CHOH), 110.85 (C-2’), 114.54
(C-5’), 120.88 (C-6’), 125.28 (C-10), 130.48 (C-1’), 133.54 (C-9), 145.26 (C-4’), 146.86 (C-3’), 173.10
(NHCO).

IR (ATR) v=3289, 2923, 2853, 1644, 1514, 1273, 1123, 1035, 722 cm ™.
HR-MS (ESI"): m/z: [M+H]" Calcd. for C,sHasNO, 462.3578; Found 462.361.

[a]3°=+13.18° (c 1.77, DCM)
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tert-Butyl 4-hydroxy-3-methoxybenzylcarbamate (138)

0]
2
/O:3©1/\NJI\0)<
H

HO % °

5

Chemical Formula: C;5H,sNO,
MW=253.29 g-mol*

[130972-89-3]
Di-tert-butyl dicarbonate (2.30 g, 10 mmol) was slowly added to a solution of 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (2 g, 10 mmol) and TEA (4.8 mL, 35 mmol) in DCM (60 mL)
previously cooled at 0 °C (ice-H,0 bath). The reaction mixture was stirred at room temperature for 24
h. The mixture was acidified until pH 1 with 1 M aqueous solution of HCl and organic layer was
recovered, washed again with 1 M HCl and brine. The organic layer was dried over anhydrous
Na,SO,, filtered and the solvent was evaporated under reduced pressure to yield the N-Boc amine
138 (1.96 g, 74%) as a colorless oil after purification by silica gel flash column chromatography

(petroleum ether/EtOAc 9:1). R=0.47 (petroleum ether/EtOAc 9:1). The spectral data were in

accordance with the literature:*

'H NMR (400 MHz, CDCl5) & = 1.46 (s, 9H, C(CHs)s), 3.88 (s, 3H, CH30), 4.22 (d, 2H, J = 5.7 Hz, CH,NH),
4.78 (s, 1H, CH,NH), 5.58 (s, 1H, OH), 6.74 — 6.87 (m, 3H, Hy,).

3C NMR (101 MHz, CDCls) & = 28.56 (C(CHs)s), 44.80 (CH,NH), 56.05 (CH;0), 79.6 (C(CHs)s), 110.47 (C-
2), 114.42 (C-5), 120.61 (C-6), 131.05 (C-1), 145.09 (C-4), 146.75 (C-3), 156.02 (NHCO).

IR (ATR) v=3357, 2927, 2934, 1686, 1512, 1157, 1032, 860 cm ™.

tert-Butyl-4-[(tert-butyldimethylsilyl)oxy]-3-methoxybenzylcarbamate (139)

| 0]

2
0 )<

3 - NJI\O
|./ H
\N/SI\ 6
0~ 4
5

Chemical Formula: C;oH33NO,Si
MW=367.56 g-mol™
[944256-04-6]

tert-butyldimethylsilyl chloride (1.81 g, 12 mmol) was slowly added to a solution of tert-butyl 4-
hydroxy-3-methoxybenzylcarbamate 138 (1.96 g, 7.74 mmol), DMAP (38 mg, 0.31 mmol) and TEA

(2.7 mL, 19 mmol) in DCM (65 mL). The reaction was stirred at room temperature for 24 h. The
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mixture was acidified until pH 1 with 1 M aqueous solution of HCl and organic layer was recovered,
washed again with 1 M HCl and brine. The organic layer was dried over anhydrous Na,SO,, filtered
and the solvent was evaporated under reduced pressure to yield the silylated phenol 139 (2 g, 70%)
as a white solid after purification by silica gel flash column chromatography (petroleum ether/EtOAc
9:1). Ri=0.5 (petroleum ether/EtOAc 9:1). mp=66-68 °C. The spectral data were in accordance with

the literature:*

'H NMR (400 MHz, CDCl5) § = 0.14 (s, 6H, Si(CHs),), 0.99 (s, 9H, SiC(CHs)s), 1.46 (s, 9H, OC(CHs)s), 3.79
(s, 3H, CH30), 4.22 (d, 2H, J = 5.7 Hz, CH,NH), 4.79 (br s, 1H, CH,NH), 6.68 — 6.80 (m, 3H, H,,).

3C NMR (101 MHz, CDCl3) & = -4.51 (Si(CHs),), 18.58 (SiC(CHs)s), 25.86 (SIC(CHs)s), 28.56 (OC(CHs)s),
44.77 (CH,NH), 55.59 (CH;0), 79.53 (OC(CH)s), 111.78 (C-2), 120.00 (C-6), 120.93 (C-5), 132.46 (C-1),
144.46 (C-4), 151.14 (C-3), 156.02 (NHCO).

IR (ATR) v=3320, 2931, 1678, 1509, 1275, 1159, 802 cm ™.

(4-{[tert-Butyl(dimethyl)silylJoxy}-3-methoxyphenyl)methanamine trifluoroacetic salt (140)

|
0
P X7 NH,-CF,COOH
\i/si\ 6
O 4
5

Chemical Formula: C;¢H,¢F3NO,Si
MW=381.46 g-mol™

Trifluoroacetic acid (1.6 mL, 20 mmol) was added to a solution of tert-butyl-4-[(tert-
butyldimethylsilyl)oxy]-3-methoxybenzylcarbamate 139 (500 mg, 1.36 mmol) in DCM (6 mL). The
reaction mixture was stirred at room temperature for 3 h. The solvent was evaporated under

reduced pressure to yield the salt 140 (363 mg, 70%) as a white-off solid. mp=70-73 °C.

'H NMR (400 MHz, (CD;),SO) 6 = 0.12 (s, 6H, Si(CHs),), 0.95 (s, 9H, SiC(CHs)s), 3.77 (s, 3H, CH;0),
3.87-3.99 (m, 2H, CH,NH,), 6.76 — 7.15 (m, 3H, Hy,), 8.15 (br s, 3H, CH,NH,, CF;COOH).

IR (ATR) v=3153, 2957, 2931, 1774, 1676, 1602, 1511, 1159, 1034, 781, 704 cm™.
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(R,2)-N-(3-{[tert-Butyl(dimethyl)silyl]oxy}-4-methoxybenzyl)-14-hydroxyeicos-11-enamide
(141)

0] OH

7N
L// H
\\*’&\O n &
e

2 10 13

Chemical Formula: C5,Hg;NO,Si
MW=575.94 g-mol™
Amidation of lesquerolic acid 12a (85 mg, 0.26 mmol) was performed according to the general
procedure 5.2.5. for amide coupling using HATU (148 mg, 0.39 mmol), 4-{[tert-
butyl(dimethyl)silylJoxy}-3-methoxyphenyl) methanamine trifluoroacetic salt 140 (83 mg, 0.31 mmol)
and DIPEA (68 pL, 0.39 mmol) in anhydrous DMF (3.7 mL) to yield the amide 141 (70 mg, 48%) as a
yellow oil after purification by silica gel flash column chromatography (petroleum ether/EtOAc 8:2).

Ri=0.47 (petroleum ether/EtOAc 7:3).

'H NMR (400 MHz, CDCl5) & = 0.14 (s, 6H, Si(CHs),), 0.88 (t, 3H, J = 6.9 Hz, CHs), 0.98 (s, 9H, SiC(CH;)s),
1.24 — 1.34 (m, 20H, CH,), 1.42 — 1.47 (m, 2H, CH,), 1.60 — 1.70 (m, 2H, CH,), 2.04 (q, 2H, J = 6.4, H-
10), 2.16 — 2.23 (m, 4H, H-2, H-13), 3.56 — 3.64 (m, 1H, CHOH), 3.78 (s, 3H, CH;0), 4.35 (d, 2H, J = 5.7
Hz, CH,NH), 5.34 — 5.44 (m, 1H, H-12), 5.50 — 5.60 (m, 1H, H-11), 5.71 (br s, 1H, CH,NH), 6.74 (ddd,
3H,J=12.5,9.9, 5.0 Hz, Hp,).

3C NMR (101 MHz, CDCl3) & = -4.50 (Si(CHs)z), 14.23 (CHs), 18.58 (SiC(CHs)s), 22.76 (CH,), 25.84 (CH,,
SiC(CHs)s), 25.92 (CH,), 27.53 (CH,), 29.37 (CH,), 29.42 (CH,), 29.43 (CH,), 29.49 (CH,), 29.53 (CH,),
29.55 (CH,), 29.76 (CH,), 30.46 (CH,), 31.98 (CH,), 35.50 (CH,), 36.98 (C-2), 43.62 (CH,NH), 55.61
(CH30), 71.63 (CHOH), 112.07 (C-2’), 120.29 (C-6’), 120.98 (C-5), 125.29 (C-12), 131.97 (C-1’), 133.57
(C-11), 144.61 (C-4’), 151.21 (C-3’), 173.01 (NHCO).

IR (ATR) v=3288, 2925, 2854, 1645, 1511, 1282, 1039, 838, 723 cm ™.
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(R,2)-20-[(4-{[tert-Butyl(dimethyl)silylloxy}-3-methoxybenzyl)amino]-20-oxoeicos-9-en-7-yl
benzoate (142)

Chemical Formula: C,;HgsNOsSi

MW=680.04 g-mol™
Esterification of (R,Z)-N-(3-{[tert-butyl(dimethyl)silylJoxy}-4-methoxybenzyl)-14-hydroxyeicos-11-
enamide 141 (27 mg, 0.05 mmol) was performed according to the general procedure 5.2.9. for DCC-
mediated esterification using DCC (27 mg, 0.13 mmol), DMAP (10 mg, 0.08 mmol) and benzoic acid (8
mg, 0.06 mmol) in anhydrous toluene (1 mL) to yield the ester 142 (19 mg, 54%) as a yellow oil after
purification by silica gel column chromatography (petroleum ether/EtOAc 8:2). R=0.6 (petroleum
ether/EtOAc 7:3).

'H NMR (400 MHz, CDCls) & = 0.14 (s, 6H, Si(CHs),), 0.86 (t, 3H, J = 6.9 Hz, CH3), 0.99 (s, 9H, SiC(CHs)s),
1.22 — 1.33 (m, 20H, CH,), 1.62 — 1.71 (m, 4H, CH,), 2.03 (q, 2H, J = 6.4 Hz, H-10), 2.20 (t, 2H, J = 6.9
Hz, H-2), 2.35 — 2.52 (m, 2H, H-13), 3.78 (s, 3H, CH;0), 4.36 (d, 2H, J = 5.7 Hz, CH,NH), 5.07 — 5.18 (m,
1H, H-14), 5.34 — 5.52 (m, 2H, H-11, H-12), 5.64 (br s, 1H, CH,NH), 6.74 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz,
Ha), 7.38 — 7.46 (m, 2H, H-3"), 7.51 — 7.57 (m, 1H, H-4"), 8.00 — 8.07 (m, 2H, H-2").

3C NMR (101 MHz, CDCl3) 6 = -4.48 (Si(CHs),), 14.21 (CHs), 18.60 (SiC(CHs)s), 22.74 (CHy), 25.55 (CH,),
25.86 (SiC(CHs)s), 25.95 (CH), 27.54 (CHy), 29.35 (CH,), 29.41 (CH,), 29.47 (CH,), 29.49 (CH,), 29.58
(CH,), 29.62 (CH,), 29.71 (CH,), 31.88 (CH,), 32.17 (CH,), 33.87 (CH,), 37.03 (C-2), 43.65 (CH,NH),
55.64 (CH50), 74.85 (C-14), 112.10 (C-2’), 120.32 (C-6’), 121.01 (C-5"), 124.25 (C-12), 128.41 (2xC-3"),
129.69 (2xC-2”), 130.95 (C-1”"), 131.96 (C-1’), 132.84 (C-11), 132.96 (C-4”), 144.66 (C-4’), 151.24 (C-
3’), 166.41 (COOPh), 172.98 (NHCO).

IR (ATR) v=3288, 2925, 2854, 1717, 1511, 1270, 1110, 899, 838, 710 cm™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C4;HegNOsSi 680.4705; Found 680.4702.
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(R,2)-14-[(3-{[tert-Butyl(dimethyl)silylloxy}-4-methoxybenzyl)amino]-1-hexyl-14-oxotetradec-
3-enyl phenylacetate (143)

o 3 5
-
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Chemical Formula: C,,Hg;NOSSi
MW=694.07 g-mol™
Esterification of (R,2)-N-(3-{[tert-butyl(dimethyl)silyl]Joxy}-4-methoxybenzyl)-14-hydroxyeicos-11-
enamide 141 (68 mg, 0.12 mmol) was performed according to the general procedure 5.2.9. for DCC-
mediated esterification using DCC (61 mg, 0.29 mmol), DMAP (22 mg, 0.18 mmol) and phenylacetic
acid (24 mg, 0.18 mmol) in anhydrous toluene (2.4 mL) to yield the ester 143 (70 mg, 86%) as a

yellowish oil after purification by silica gel column chromatography (petroleum ether/EtOAc 8:2).

H NMR (400 MHz, CDCl3) & = 0.14 (s, 6H, Si(CHs),), 0.86 (t, 3H, J = 6.9 Hz, CH3), 0.99 (s, 9H, SIC(CHs)s),
1.23 - 1.30 (m, 20H, CH,), 1.48 — 1.54 (m, 2H, CH,), 1.60 — 1.69 (m, 2H, CH,), 1.98 (q, 2H, J = 6.4 Hz, H-
10), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.24 — 2.30 (m, 2H, H-13), 3.58 (s, 2H, H-1’), 3.78 (s, 3H, CH;0), 4.35
(d, 2H, J = 5.7 Hz, CH,NH), 4.83 — 2.91 (m, 1H, H-14), 5.23 — 5.32 (m, 1H, H-12), 5.39 — 5.48 (m, 1H, H-
11), 5.66 (br s, 1H, CH,NH), 6.74 (ddd, 3H, J = 12,5, 9.9, 5.0 Hz, Ha,), 7.21 — 7.33 (M, 5H, Hppenyy).

3C NMR (101 MHz, CDCl3) & = -4.49 (Si(CHs),), 14.21 (CH3), 18.59 (SiC(CH3)3), 22.67 (CH,), 25.34 (CH,),
25.86 (SiC(CHs)s), 25.94 (CH,), 27.47 (CH,), 29.21 (CH,), 29.42 (CH,), 29.49 (CH,), 29.60 (CH,), 29.64
(CH,), 29.72 (CH,), 30.47 (CH,), 31.83 (CH,), 32.05 (CH,), 34.37 (CH,), 37.01 (C-2), 41.91 (C-1”), 43.63
(CH,NH), 55.63 (CH;0), 74.64 (C-14), 112.09 (C-2’), 120.30 (C-6’), 121.00 (C-5), 124.23 (C-12), 127.08
(C-5”), 128.61 (2xC-4”), 129.36 (2xC-3"), 131.97 (C-1’), 132.84 (C-11), 134.47 (C-2”), 144.64 (C-&),
151.22 (C-3’), 171.46 (COOCH,), 172.98 (NHCO).

IR (ATR) v=3289, 2925, 2854, 1732, 1644, 1512, 1281, 1038, 838, 781 cm".

HR-MS (ESI*): m/z: [M+Na]" Calcd. for C4,Hg;NOsSiNa 716.4681; Found 716.467.
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(R,2)-20-[(4-Hydroxy-3-methoxybenzyl)amino]-20-oxoeicos-9-en-7-yl benzoate (93)

Chemical Formula: C3sHs;NOg
MW=565.78 g-mol™

Deprotection of (R,Z2)-20-[(4-{[tert-butyl(dimethyl)silyl]oxy}-3-methoxybenzyl)amino]-20-oxoeicos-9-
en-7-yl benzoate 142 (8 mg, 0.01 mmol) was performed according to the general procedure 5.2.10.
for TBDMS deprotection using TBAF (18 pL of a commercial 1 M solution in THF, 0.02 mmol) in
anhydrous THF (350 pulL) to yield the deprotected phenol 93 (5 mg, 74%) as a colorless oil after
purification by silica gel flash column chromatography (petroleum ether/EtOAc 4:6). R=0.48
(petroleum ether/EtOAc 1:1).

'H NMR (400 MHz, CDCl3) & = 0.86 (t, 3H, J = 6.9 Hz, CHs), 1.20 — 1.35 (m, 18H, CH,), 1.59 — 1.75 (m,
6H, CHy,), 2.02 (q, 2H, J = 6.4 Hz, H-10), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.33 — 2.51 (m, 2H, H-13), 3.87 (s,
3H, CH;0), 4.36 (d, 2H, J = 5.7 Hz, CH,NH), 5.09 — 5.17 (m, 1H, H-14), 5.36 — 5.51 (m, 2H, H-11, H-12),
5.55-5.62 (b s, 1H, CH,NH), 5.65 (br s, 1H, OH), 6.80 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz, Ha), 7.43 (t, 2H, J
= 6.9 Hz, H-2""), 7.52 - 7.57 (m, 1H, H-4"), 8.01 — 8.05 (m, 2H, H-3").

3C NMR (101 MHz, CDCl3) & = 14.21 (CHs), 22.74 (CH,), 25.55 (CH,), 25.93 (CH,), 27.54 (CH,), 29.36
(CH,), 29.40 (CH,), 29.45 (CHy), 29.47 (CH,), 29.57 (CH,), 29.60 (CH,), 29.70 (CH,), 31.88 (CH,), 32.16
(CH,), 33.86 (C-13), 37.02 (C-2), 43.69 (CH,NH), 56.09 (CH;0), 74.86 (C-14), 110.83 (C-2’), 114.49 (C-
5), 120.97 (C-6’), 124.26 (C-12), 128.42 (2xC-3”), 129.69 (2xC-2"), 130.57 (C-1’), 130.94 (C-1”),
132.85 (C-11), 132.97 (C-4”), 145.26 (C-4’), 146.81 (C-3’), 166.42 (COOPh), 172.99 (NHCO).

IR (NaCl cell, CS,) v=3544, 3442, 3005, 2949, 2922, 2851, 1716, 1681, 1270, 709 cm™.

HR-MS (ESI*): m/z: [M+H]" Calcd. for C5sHs,NOs 566.384; Found 566.388.

[a]2’<+1° (c 0.4, DCM)
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(R,2)-20-[(4-Hydroxy-3-methoxybenzyl)amino]-20-oxoeicos-9-en-7-yl 2-phenylacetate (94)

Chemical Formula: C55Hs3NOs
MW=579.81 g-mol™

Deprotection of (R,2)-14-[(3-{[tert-butyl(dimethyl)silyl]oxy}-4-methoxybenzyl)amino]-1-hexyl-14-
oxotetradec-3-enyl phenylacetate 143 (70 mg, 0.10 mmol) was performed according to the general
procedure 5.2.10. for TBDMS deprotection using TBAF (152 uL of a commercial 1 M solution in THF,
0.15 mmol) in anhydrous THF (3 mL) to yield the compound 94 (45 mg, 77%) as a yellowish oil after
purification by silica gel flash column chromatography (petroleum ether/EtOAc 6:4). R=0.4
(petroleum ether/EtOAc 1:1).

'H NMR (400 MHz, CDCl;) & = 0.87 (t, 3H, J = 6.9 Hz, CH3), 1.19 — 1.33 (m, 20H, CH,), 1.47 — 1.56 (m,
2H, CH,), 1.60 — 1.70 (m, 2H, CH,), 1.99 (q, 2H, J = 6.4 Hz, H-10), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.23 -
2.36 (m, 2H, H-13), 3.59 (s, 2H, H-1”"), 3.88 (s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 4.88 (p, 1H, J
= 6.2 Hz, H-14), 5.24 — 5.33 (m, 1H, H-12), 5.40 — 5.49 (m, 1H, H-11), 5.64 — 5.76 (m, 2H, CH,NH, OH),
6.80 (ddd, 3H, J = 12.5,9.9, 5.0 Hz, Hg,), 7.23 — 7.34 (M, 5H, Hppenyy).

3C NMR (101 MHz, CDCl3) & = 14.20 (CH;), 22.66 (CH,), 25.32 (CH,), 25.91 (CH,), 27.46 (CH,), 29.20
(CH,), 29.40 (CH,), 29.44 (CH,), 29.46 (CH,), 29.58 (CH,), 29.61 (CH,), 29.70 (CH,), 31.82 (CH,), 32.03
(CH,), 33.68 (C-13), 36.97 (C-2), 41.90 (C-1”), 43.65 (CH,NH), 56.06 (CH0O), 74.64 (C-14), 110.82 (C-
2’), 114.49 (C-5’), 120.91 (C-6’), 124.22 (C-12), 127.08 (C-5”), 128.60 (2xC-4”), 129.35 (2xC-3"),
130.54 (C-1’), 132.83 (C-11), 134.45 (C-2""), 145.25 (C-4’), 146.82 (C-3'), 171.47 (COOCH,), 173.01
(NHCO).

IR (ATR) v=3289, 2924, 2853, 1729, 1643, 1514, 1271, 1033, 719 cm ™.
HR-MS (ESI): m/z: [M+H]" Calcd. for C3sHssNOs 580.4002; Found 580.4000.

[a]3’=+18.74° (c 1.1, DCM)
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(E)-N-(4-Hydroxy-3-methoxybenzyl)-14-oxoeicos-12-enamide (95)

0]

Chemical Formula: C,3H,sNO,
MW=459.66 g-mol™
Amidation of (E)-14-oxo0-12-eicosenoic acid 12d (50 mg, 0.15 mmol) was performed according to the
general procedure 5.2.5. for amide coupling using HATU (88 mg, 0.23 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (32 mg, 0.17 mmol) and DIPEA (80 pL, 0.46 mmol) in
anhydrous DMF (2 mL) to yield the amide 95 (20 mg, 28%) as a white sticky solid after purification by
silica gel flash column chromatography (petroleum ether/EtOAc 7:3). R{=0.36 (petroleum
ether/EtOAc 7:3). mp=52-55 °C.

'H NMR (400 MHz, CDCl,) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.24 — 1.32 (m, 18H, CH,), 1.40 — 1.49 (m,
2H, CHy), 1.58 — 1.65 (m, 4H, CH,), 2.16 — 2.23 (m, 4H, H-2, H-11), 2.52 (t, J = 6.9 Hz, 2H, COCH,), 3.87
(s, 3H, CH30), 4.35 (d, 2H, J = 5.7 Hz, CH,NH), 5.63 (s, 1H, CH,NH), 5.68 (br s, 1H, OH), 6.08 (dt, 1H, J =
15.9, 1.5 Hz, H-13), 6.73 — 6.88 (M, 4H, Hy,, H-12).

3C NMR (101 MHz, CDCl) & = 14.19 (CH3), 22.66 (CH,), 24.47 (CH,), 25.91 (CH,), 28.24 (CH,), 29.15
(CH,), 29.28 (CH,), 29.43 (CH,), 29.45 (CH,), 29.47 (CH,), 29.55 (CH,), 29.56 (CH,), 31.78 (C-11), 32.57
(CH,), 37.00 (C-2), 40.27 (COCH,), 43.67 (CH,NH), 56.08 (CH;0), 110.84 (C-2’), 114.50 (C-5’), 120.94
(C-6’), 130.47 (C-1’), 130.56 (C-13), 145.26 (C-4’), 146.82 (C-3), 147.49 (C-12), 173.00 (NHCO), 201.25
(COCH,).

IR (ATR) v=3304, 2918, 2849, 1634, 1518, 1463, 1275, 978, 799, 720 cm™".

HR-MS (ESI"): m/z: [M+H]" Calcd. for C,sHasNO, 460.3421; Found 460.3453.
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Methyl 14-oxoeicosanoate (13e)

Chemical Formula: C,;H,005
MW=340.54 g-mol*
[10411-44-6]
Pd/C (10 wt. % loading) (134 mg) was added to a solution of methyl (£)-14-oxo-12-eicosanoate 13d
(134 mg, 0.40 mmol) in MeOH (1.3 mL). Hydrogen pressure was applied (1 atm, room temperature)
and the mixture was stirred at room temperature for 2.5 h. The reaction mixture was filtered over a
bed of Celite® and the solvent was evaporated under reduced pressure to yield the saturated ketone
13e (126 mg, 93%) as a white-off solid. mp=52-55 °C. The spectral data were in accordance with the

literature:®

'H NMR (400 MHz, CDCl3) & = 0.86 (t, 3H, J = 6.9 Hz, CH3), 1.20 — 1.30 (m, 22H, CH,), 1.49 — 1.65 (m,
6H, CH,), 2.28 (t, 2H, J = 6.9 Hz, H-2), 2.37 (t, 4H, J = 6.9 Hz, H-13, H-15), 3.65 (s, 3H, CH;CO).

3¢ NMR (101 MHz, CDCl3) & = 14.16 (CHs), 22.62 (CH,), 23.97 (CH,), 24.00 (CH,), 25.07 (CH,), 29.06
(CH,), 29.26 (CH,), 29.37 (CH,), 29.38 (CH,), 29.54 (2xCH,), 29.57, 29.67 (2xCH,), 31.74 (CH,), 34.23
(C-2), 42.94 (€C-13, C-15), 51.56 (CH;CO), 174.46 (COOCH3), 211.89 (COCH,).

IR (ATR) v=2954, 2915, 2848, 1732, 1706, 1461, 1179, 995, 971, 719 cm™.

14-Oxoeicosanoic acid (12e)

13 15
HO
O
Chemical Formula: C,oH;505
MW=326.51 g-mol™
[18312-06-6]
The hydrolysis of methyl 14-oxoeicosanoate 13e (115 mg, 0.34 mmol) was performed according to
the general procedure 5.2.6. for chemical ester hydrolysis using LiOH-H,0 (42 mg, 1.01 mmol) in
THF/H,0 1:1 (1.6 mL) to yield the fatty acid 12e (75 mg, 68%) as a white solid. The spectral data were

in accordance with the literature:*

'H NMR (400 MHz, CDCl;) & = 0.88 (t, 3H, J = 6.9 Hz, CH3), 1.23 — 1.33 (m, 22H, CH,), 1.49 — 1.69 (m,
6H, CH,), 2.30 —2.42 (m, 6H, H-2, H-13, H-15).
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C NMR (101 MHz, CDCl;) § = 14.18 (CH3), 22.65 (CH,), 24.02 (CH,), 24.05 (CH,), 24.84 (CH,), 29.10
(CHy), 29.18 (CHy), 29.34 (CH,), 29.41 (CH,), 29.53 (CH,), 29.54 (CH,), 29.58 (CH,), 29.65 (CH,), 29.66
(CHy), 31.77 (CH,), 33.94 (C-2), 42.98 (C-13, C-15), 178.69 (COOH), 212.04 (COCH,).

IR (ATR) v=3059, 2954, 2914, 2848, 1698, 1380, 1257, 1128, 877, 719, 686 cm ™.

N-(4-Hydroxy-3-methoxybenzyl)-14-oxoeicosanamide (96)

0]

Chemical Formula: C,3H,7NO,

MW=461.68 g-mol™
Amidation of 12-oxooctadecanoic acid 12e (71 mg, 0.22 mmol) was performed according to the
general procedure 5.2.5. for amide coupling using HATU (124 mg, 0.32 mmol), 4-hydroxy-3-
methoxybenzylamine hydrochloride 99 (45 mg, 0.24 mmol) and DIPEA (115 upL, 0.65 mmol) in
anhydrous DMF (3 mL) to yield the amide 96 (75 mg, 75%) as a white solid after purification by silica
gel flash column chromatography (petroleum ether/EtOAc 6:4). R=0.37 (petroleum ether/EtOAc 6:4).
mp=90-91 °C.

'H NMR (400 MHz, CDCl5) 6 = 0.88 (t, 3H, J = 6.9 Hz, CHs), 1.21 — 1.33 (m, 22H, CH,), 1.51 — 1.68 (m,
6H, CH,), 2.19 (t, 2H, J = 6.9 Hz, H-2), 2.38 (t, 4H, J = 6.9 Hz, H-13, H-15), 3.88 (s, 3H, CH;0), 4.35 (d,
2H, J = 5.7 Hz, CH,NH), 5.61 (s, 1H, CH,NH), 5.65 (br s, 1H, OH), 6.80 (ddd, 3H, J = 12.5, 9.9, 5.0 Hz,

Ha).

C NMR (101 MHz, CDCl;) & = 14.18 (CH3), 22.65 (CH,), 24.01 (CH,), 24.03 (CH,), 25.93 (CH,), 29.09
(CH,), 29.40 (CH,), 29.45 (CH,), 29.47 (CH,), 29.55 (CH,), 29.57 (CH,), 29.60 (CH,), 29.68 (2xCH,),
31.76 (CH,), 37.03 (C-2), 42.97 (C-15), 42.99 (C-13), 43.68 (CH,NH), 56.09 (CH;0), 110.82 (C-2’),
114.49 (C-5’), 120.95 (C-6’), 130.57 (C-1’), 145.25 (C-4’), 146.82 (C-3’), 173.00 (NHCO), 211.96
(COCH,).

IR (ATR) v=3396, 3316, 2914, 2849, 1702, 1637, 1509, 1243, 1125, 1040, 800, 720 cm .

HR-MS (ESI*): m/z: [M+H]" Calcd. for C,gH4sNO, 462.3578; Found 462.3594.
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5.4. BIOLOGICAL METHODS
5.4.1. TRP calcium assays

HEK-293 cells stably over-expressing recombinant human TRPV1, rat TRPV2 or rat TRPA1
were selected by G-418 (Geneticin; 600 pg-mL-1), grown on 100 mm diameter Petri dishes as
monolayers in minimum essential medium supplemented with non-essential amino acids, 10% fetal
bovine serum and 2 mM glutamine, and maintained under 5% CO, at 37 °C. Cells were transfected at
approximately 80% confluence with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) by using a plasmid
pcDNA3 (Invitrogen) containing the human TRPV1-cDNA, or the rat TRPA1-cDNA, according to the
manufacture’s protocol. Stable expression of each channel was checked by quantitative-PCR. On the
day of the experiment, the cells (50000-60000 per well) were loaded for 1h at 25 °C with the
cytoplasmic calcium indicator Fluo-4-AM (Invitrogen) 4 uM in dimethyl sulphoxide containing 0.02%
Pluronic F-217 (Invitrogen, Carlsbad, CA, USA). After loading, cells were washed twice in Tyrode’s
buffer (145 mM NaCl, 2.5 mM KCI, 1.5 mM CacCl,, 1.2 mM MgCl,, 10 mM D-glucose and 10 mM
HEPES, pH 7.4), resuspended in the same buffer, and transferred to the quartz cuvette of the
espectrofluorimeter (Agx=488 nm; Agy=516 nm) (Perkin-Elmer Life and Analytical Sciences, Waltham,
MA, USA) under continuous stirring. Experiments were carried by measuring cell fluorescence before
and after the addition of various concentrations of test compounds. The values of the effect on
[Ca™; in wild-type (i.e. not transfected with any construct) HEK-293 cells were taken as baselines and
subtracted from the values obtained from transfected cells. The potency of the test compounds (ECsq
values) were determined as the concentration of test substances required to produce half-maximal

?*]; the efficacy of the agonists was determined by comparing their effect with the

increases in [Ca
analogous effect observed with 4uM ionomycin. The effects of the test compounds on TRPA1 are
expressed as a percentage of the effect obtained with 100 puM allylisothiocyanate (AITC).
Antagonist/desensitizing behaviour was evaluated against capsaicin (0.1 uM) for TRPV1,
lysophosphatidylcholine (LPC) (3uM) for TRPV2 or allyl isothiocyanate (AITC) (100 uM) for TRPA1 by
adding the compounds in the quartz cuvette 5 min before stimulation of cells with agonists. Data are
expressed as the concentration exerting a half-maximal inhibition of agonist effect (ICsy). The effect
on [Ca™); exerted by the agonist alone was taken as 100%. Dose response curves were fitted by a
sigmoidal regression with variable slope. Curve fitting and parameter stimulation were performed

with GraphPad Prism® (GraphPad Software Inc., San Diego, CA, USA). All determinations were

performed at least in triplicate.
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5.4.2. Fatty Acid Amide Hydrolase Assay

The effect of increasing concentrations of the new synthetic compounds on the enzymatic
hydrolysis of [**Clanandamide was measuring by using membranes prepared from rat brain.* In
brief, the entire rat brain was homogenized at 4 °C in 50 mM Tris-HCI buffer, pH 7.0, by using an
Ultraturrax and a Dounce homogenizer. Homogenates were first centrifuged at 800g to rid the
debris, and the supernatant was centrifuged at 10000g. The pellet from this latter centrifugation was
used for the assay. Membranes (70-100 pg) were incubated and [**Clanandamide (10000 cpm, 1.8
1M) in 50 mM Tris-HCl, pH 9, for 30 min at 37 °C. [**C]ethanolamine produce from [**Clanandamide
hydrolysis was used to calculate FAAH activity and was measured by scintillation counting of the
aqueous phase after extraction of the incubation mixture with 2 volumes of CHCl;/MeOH (1:1 by
volume). Data are expressed as the concentration exerting a half-maximal inhibition (ICsq). The
efficacy was calculated as a percentage of the effect obtained with URB597, which is an inhibitor of

FAAH (0.1 pM).
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Nature annually generates about 170 billion metric tons of biomass, of which only 3-4% is
currently used for food purposes, for the production of fuels or for chemicals manufacturing.
Oleochemicals are chemicals derived from oils and fats in a way similar to petrochemicals which are
derived from petroleum oils.> As far as renewable chemicals production is concerned, the
oleochemical industry serves as a longstanding example of a biobased industry, one that over the last
century has developed in parallel with the petrochemical industry.® Vegetable oils constitute the
main fraction of the renewable oil and fat production (i.e. 80%, the remaining 20% being animal fats).
Especially remarkable vegetable oils are the homoallyl hydroxy fatty acids, which have a hydroxy
group in the homoallylic position. Castor and lesquerella oil are the most representative oils of this
group. The presence of the double bond and the hydroxy group provides wide possibilities for

chemical modifications and therefor, the synthesis of derivatives.

a,B-Unsaturated carbonyl fatty acids can be prepared by oxidation and subsequent

*191n view of synthetic

isomerization both in basic or acid media of homoallyl hydroxy fatty acids.
interests, alternative methods of oxidation are necessary to prepare a,B-unsaturated carbonyl fatty
acids in a selective and in one-step manner. The oxidation of ricinoleic acid, the main component of
castor oil, was firstly carried out by transition metal-free oxidants. Within this group, the
hydroperoxides such as aqueous hydrogen peroxide and tert-butyl hydroperoxide (TBHP) have an
especial interest because of their numerous advantages (stability, low price, readily available,

etc.).""?

One of the first experiments was the use of these hydroperoxides with hydrobromic acid,
which would allow to carry out the oxidation in absence of solvent.”> However, under these
conditions, the ricinoleic acid was not oxidized. In recent years the substitution of hydroperoxides by
solid peroxy compounds, such as sodium perborate (SPB) and sodium percarbonate (SPC) has gained

. . 14-1
considerable attention.***®

The combination of these solid peroxy compounds with the same co-
oxidant (HBr) was not successful neither. To complete the non-transition metal oxidation studies,
other oxidant systems based on bismuth(lll) and hypervalent iodine compounds in presence of TBHP
or Oxone™ were evaluated.” ™’ Unfortunately, both Bi,Os/tert-BuOOH and IBA/Oxone™ systems did
not lead to the formation of the desired a,B-unsaturated carbonyl fatty acid. Then, oxidations based
on the use of transition metals were studied. Several heterogeneous catalysts were tested and none
of them led to the oxidation of ricinoleic acid. Finally, the ruthenium-catalyzed Oppenauer-type
oxidation proved to be an excellent reaction to achieve this sort of compounds. For this, it was

necessary to ascertain which hydrogen acceptor was most suitable. Using the Shvo’s catalyst as

oxidant, several hydrogen acceptors such aldehydes, ketones or unsaturated esters were screened.
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Acrolein was found to be the most suitable hydrogen acceptor allowing to achieve the a,f-

unsaturated carbonyl fatty acid in a fast, selective and in one-step synthetic reaction.

Sebacic acid, 10-carbon dicarboxylic acid, is an industrially important building block due to its
potential in the production of various intermediates. Sebacic acid is manufactured by the alkaline
oxidative cleavage of castor oil to high temperatures (about 250 °C) with excess of alkali.’>** This
treatment results in saponification of the castor oil to ricinoleic acid that is then cleaved to give 2-
octanol and sebacic acid. This process requires the use of a high amount of oxidant and energy and
the presence of catalysts to split the ricinoleic acid in either a batch or continuous process. These
drawbacks make it necessary to find synthetic routes that are more energetically favorable to the
synthesis of this appreciated industrial product. In this work, microwave and ultrasounds
technologies were used as environmental friendly heating systems in order to reduce temperatures
and reaction time. a,B-Unsaturated carbonyl fatty acids are very suitable intermediates to synthesize
dicarboxylic acids due to the high reactivity of the conjugated double bond. Thus, (E)-12-oxo-10-
octadecenoic acid or its methyl ester derivative obtained in the previous step were used as starting
material of the next step. First, the alkaline oxidative cleavage of (E)-12-oxo-10-octadecenoic acid
was carried out using the microwave technology due to the advantages of speed, selectivity, precise
control and improved economics owing to consumption of less energy.” The effect of the
temperature and the concentration of alkali of the reaction were assessed in order to achieve the
optimal reaction conditions. These studies allowed that the reaction temperature was reduced from
250 to 150 °C and the concentration of alkali from 50% to 6%. Unfortunately, the good yields
obtained could not to be reproduced when the reaction was scaling up. Other environmental friendly
oxidants such bleach or hydrogen peroxide in basic media were tested. However, they gave poor
results. Finally, sebacic acid was achieved using the Oxone™/NalO, system in a good vyield.?® This
reaction was carried out using greener solvents and was compatible with the ultrasound technology,

which decreased the reaction time and avoided the external heating.

TRPV1 has become the model receptor for pain signal integration. This protein is structurally
related to members of the transient receptor potential (TRP) and TRP-like (TRPL) family of cation
channels, is expressed uniquely in sensory ganglia, and is activated by noxious heat and protons and
probably functions as a transducer for painful thermal stimuli.”” N-vanillyl-acylamides (NVAs) are a
group of compounds known as capsaicinoids, which are natural ingredients specifically derived from
Capsicum fruits. Capsaicin, the most abundant NVA in capsaicinoids, causes a pungent sensation and

possesses various physiological and biological activities.”® It has been revealed that several
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physiological activities caused by capsaicin are also related to the activation of TRPV1.%® NVAs with a
longer or shorter acyl chain than capsaicin have less pungency, and NVAs with a chain length of more
than 18 carbons chain length do not generate any stimulus. Long chain N-vanillyl acyl amides
(LCNVAs) have been developed as synthetic capsaicin analogues with capsaicin-like physiological
activities and with no, or less, harmful stimuli.®®> Among the LCNVAs developed as synthetic
capsaicinoids, olvanil, which contains an oleic (C18:1) acyl moiety, has received much attention
because of its high capsaicin-like potency.*® Other LCNVAs having acyl moieties of naturally occurring

.3 This compound is easily available

type have been developed *! An analogue of olvanil is the rinvani
from commercial and cheap ricinoleic acid its potency (ECs,=6.0 nM) is comparable to capsaicin and
olvanil. On the other hand, fatty acid amide hydrolase (FAAH) is increasingly being considered a
relevant therapeutic target, especially in models of inflammatory pain.*®* Anandamide has been
shown to be an activator of TRPV1 in vitro and is mainly hydrolysed by FAAH.>***> The inhibition of
FAAH causes high levels of anandamide inside of the neuron bounding to the TRPV1 receptor and
producing the analgesia effect.’*® Based on SAR studies of TRPV1 agonists and FAAH inhibitors,
modifications at the lipophilic region of the homoallyl hydroxy fatty acids were carried out to
synthetize 22 novel long chain N-vanillyl acylamides with “dual mechanism” of action against pain.
Concerning to the biological evaluation, the compounds derived from lesquerolic acid showed better
agonist behaviour in terms of potency in TRPV1 receptor. The presence of polar groups such hydroxy,
amines or carboxylic groups led to a decrease of the activity. On the contrary, the introduction of a
furan ring in the alkyl chain gave the best results of the whole series. Respecting the FAAH enzyme, it
seems that the presence of a heterocycle ring in the side-chain brought activity to the molecules.
Although the furan derivative was not the best in its series, it also had an inhibitory character and,

therefore, this type of compound could be the starting point to discover new derivatives with “dual”

activity.
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GENERAL CONCLUSIONS

1.- This PhD work allowed the exploration of homoallyl hydroxy fatty acid chemistry, focused
on ricinoleic and lesquerolic acids, which are important industrial raw materials. Several publications
and patents about the synthesis and industrial applications of their derivatives are found in

literature.

2.- The preparation of a,B-unsaturated carbonyl fatty acids was carried out by the
ruthenium-catalyzed Oppenauer-type oxidation of homoallyl hydroxy fatty acids using the Shvo’s
catalyst as oxidant and acrolein as hydrogen acceptor. This procedure favors the formation of the

o,B-unsaturated carbonyl fatty acid over the expected saturated fatty acid.

3.- The acids, their methyl ester and even the triacylglycerides were easily oxidized with this
new synthetic route. Except in the case of the triacylglycerides, the a,B-unsaturated carbonyl

compounds were isolated in good yields (range 50% to 70%).

4.- The alkaline oxidative cleavage, the conventional method used to obtain sebacic acid, was
subjected to an optimization of the conditions due to the use of microwave technology. The
optimization allowed to reduce the temperature (40%) and the amount of oxidant (88%) of the

reaction on a small scale.

5.- The Oxone™/periodate system led to the formation of sebacic acid by an energetically
benign oxidative cleavage. Sebacic acid was isolated in 41% yield. This system did not require toxic

reagents and efficient heating systems such as ultrasound technology could be used.

6.- Chemical modifications of the homoallyl hydroxy moiety of ricinoleic and lesquerolic acid
were carried out to synthetize 22 new long-chain N-vanillyl acylamides (LCNVAs) with overall yields

ranging from 7% to 65%.

7.- Biological tests of the new synthetized long-chain N-vanillyl acylamides showed the “dual”
biological response in TRPV1 and FAAH enzyme of the compound 89 (EC5,=0.24 nM and 1C5,=4.49
pMM). In addition, the compound 89 resulted selective against other receptors such as TRPV2 (not

active) and TRPA1 (EC5,=10.5 uM) that are also expressed in nociceptive neurons.
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RECOMMENDATIONS FOR FUTURE WORKS
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The following are suggestions which would further extend the work presented in this thesis:

The ruthenium-catalyzed Oppenauer-type oxidation of methyl ricinoleate carried out in the
continuous flow reactor did not give as good results as the batch tests. However, the
conversion of the starting material was good. Optimization of the parameters should be

further explored in order to improve the oxidation yield.

As stated in literature, a large number of organic reactions can be carried out in higher yields,
shorter reaction times, or milder conditions under ultrasound irradiation. This can be
considered as a processing aid in terms of energy conservation and waste minimization
compared to conventional heating. Further experiments may be carried out ultrasound with
the reactor to achieve the best results for the oxidative cleavage of the a,B-unsaturated

carbonyl with the Oxone™/periodate system.

The biological results of the new long chain N-vanillyl acylamides opens a new line of study
for the development of analgesics with “dual” action in pain receptors. The existence of a
furan ring in the lipophilic chain led to both activation of TRPV1 and inhibition of FAAH
enzyme. Substituents in the furan ring should be introduced to complete the structure-

activity relationships study of this moiety.
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