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ABSTRACT

Natural products have historically been a rich source of “lead compounds” in drug
discovery. The investigation of terrestrial plants and marine organisms aimed at
searching new biologically active compounds is a central issue of this kind of
studies, trough structure elucidation combined with biological tests. My research
work, described in this PhD thesis, is included in this research topic and was
addressed at three different topics: - cannabinoids from Cannabis sativa and from
the Indonesian sponge Dasychalina sp.; - isolation and synthesis of antimalarial
compounds; - metabolites isolated from plants belonging to the Euphorbiaceae
family (Jatropha curcas, Euphorbia macroclada and Euphorbia bungei).

A phytochemical investigation of the fibre cultivar of Cannabis sativa derived
from the historical Carmagnola variety led to isolation of the novel spiranic
stilbenoid  isocannabispiradienone and the biphenyl-type cannabinoid
cannabioxepane (CBX), a tetracyclic compound characterized by an
unprecedented C-5/C-8’ oxygen bridge and devoid of cannabinoid activity. In the
same area, from the polar organic extract of the Indonesian sponge Dasychalina
sp., | have isolated haplosamate A, a unique Csgs sterol containing a sulfate group
at C-3 and a methyl phosphate at C-15, along with its new desulfo analogue. Both
compounds, as well as their semi-synthetic analogues, have been evaluated for
interaction with CB; and CB, receptors through a binding test.
Desulfohaplosamate showed a selective affinity for CB; receptors in the low pM
range. Haplosamate derivatives represent the first CB receptor ligands belonging

to the class of steroids.

The search for antimalarial lead compounds is another main topics of my Ph.D.
activity discussed in this thesis. On the bases of the previously developed
pharmacophore of plakortin antimalarials, in this thesis I report a synthesis of a
new series of simple endoperoxides, characterized by a 3-methoxy-1,2-dioxane
scaffold. In particular, I have contributed to the design, the synthesis, the
biological evaluation of a novel series of compounds obtained by means of an
efficient one-pot three-component Mn(Ill)-mediated synthesis which utilizes

cheap starting materials. The obtained molecules are 3,6,6-trisubstituted 3-
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methoxy-1,2-dioxanes with simple alkyl chains and bearing an ester group at
position 4, which were tested against Pf.

As part of the ongoing research aimed at finding new antimalarial leads from
natural sources, I have carried out a detailed phytochemical investigation of the
fruit of an African sample of Azadirachta indica, collected in Burkina Faso. Eight
known and two new triterpenoid derivatives, named neemfruitins A and B, have
been isolated from the fruits of neem, Azadirachta indica A. Juss., a traditional
antimalarial plant used by Asian and African populations. /n vitro antiplasmodial
tests carried out with the isolated metabolites evidenced a significant activity of
the known gedunin and azadirone and the new neemfruitin A, and provided useful
information about the structure-antimalarial activity relationships in the limonoid

class.

Finally, the chemical investigation of Euforbiaceae plants carried out during my Ph.D.,
and described in this thesis, led to isolation of many diterpenoids. From the root barks
of Jatropha curcas 1 isolated spirocurcasone, a diterpenoid possessing the
unprecedented “spirorhamnofolane” skeleton, along with 11 known and two other
new diterpenoids. The absolute configuration of spirocurcasone was established
using quantum mechanical calculation of the electronic circular dichroic (ECD)
spectrum. Some of the isolated diterpenoids showed a potent activity against
L5178Y, a mouse lymphoma cell line. The phytochemical investigation of
Euphorbia macroclada Boiss. and Euphorbia bungei, led to isolation of many
new diterpenoids belonging to the jatrophane and pre-myrsinane classes. The
main interest in these compounds is related to their biological activity as
glycoprotein-P inhibitors and so modulators of multidrug resistance in cancer
chemotherapy.

The structures of all new compounds were elucidated using modern spectroscopic

methods including 2D NMR and HRMS.



ABSTRACT (IN ITALIAN)

Le sostanze naturali sono da sempre una ricca fonte di composti guida per la
scoperta di nuovi farmaci. Lo studio chimico di piante terrestri e organismi marini
attraverso la determinazione stereostrutturale di nuovi metaboliti in combinazione
con la valutazione della loro attivita biologica costituisce il fulcro della Chimica
delle Sostanze Naturali. In tale ambito, 1’attivita di ricerca condotta durante il
corso di Dottorato, i cui risultati sono riportati nella seguente tesi, ¢ stata
focalizzata su tre tematiche: - isolamento e semisintesi di composti attivi sui
recettori dei cannabinoidi; - isolamento e sintesi di molecole dotate di azione
antimalarica; - diterpeni bioattivi da piante appartenenti alla famiglia delle

Euforbiaceae.

Nell’ambito della prima tematica di ricerca ¢ stata analizzata una varieta da fibra
di Cannabis sativa, denominata varieta Carma, ottenendo I’isolamento di un
fitocannabinoide, denominato cannabioxepane (CBX), caratterizzato da un nuovo
tipo di scheletro tetraciclico, privo di attivita cannabinoide. Nella stessa area di
ricerca ¢ stato analizzato un estratto polare della spugna Dasychalina sp. isolando
I’haplosamato A, un Cyg sterolo contenente un gruppo solfato ed un metilfosfato,
insieme al suo nuovo desulfo-derivato. Quest’ultimo composto ha mostrato
un’attivita selettiva sul recettore CB,, definendo in tal modo un nuovo chemotipo

di ligandi di tale recettore.

La ricerca di nuovi composti antimalarici alternativi agli attuali farmaci in
commercio ¢ una delle principali tematiche del mia attivita di ricerca, inserendomi
in un ambito gia avviato dal mio gruppo di ricerca. E stata dunque, progettata e
realizzata una sintesi semplice ed economica, basata sull’azione catalitica di
composti a base di Mn(Ill), di derivati 1,2-diossanici dotati di buona attivita
antimalarica. Sono stati attenuti una serie di derivati con una buona variabilita
stereo strutturale intorno al nucleo endoperossidico, requisito farmacoforico. Tutti
1 prodotti sono stati saggiati su ceppi di P. falciparum CQ-S e CQ-R. L’analisi
fitochimica dei frutti di Azadiractha indica, una pianta tradizionale utilizzata da
popolazioni asiatiche e africane, ha portato all’ottenimento di dieci limonoidi (di

cui due nuovi, denominati neenfriutina A e B). Tre dei metaboliti isolati
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(gedunina, azadirone e neemfruitina A) hanno mostrato un’ottima attivita,
fornendo inoltre preziose informazioni sulle relazioni struttura attivita nella classe

dei limonoidi.

Infine, nell’ambito dello studio di diterpeni da piante appartenenti alla famiglia
delle Euphorbiaceae, sono state analizzate due piante appartenenti al genere
Euphorbia (E. macroclada e E. bungei) ed una del genere Jatropha (J. curcas).
L’analisi fitochimica delle prime due piante ha condotto all’isolamento di
numerosi nuovi diterpeni a scheletro jatrofanico e premirsinanico, molecole
biologicamente interessanti in quanto inibitori delle glicoproteina-P e quindi
potenziali modulatori della multi-drug resistance nella terapia anticancro.
Dall’estratto apolare di Jatropha curcas sono stati isolati piu di dieci metaboliti,
tra 1 quali lo spirocurcasone, un diterpene caratterizzato da un nuovo scheletro
carbonioso, che ¢ stato denominato spiro-rhamnofolano. La stereochimica di tale
composto ¢ stata valutata attraverso calcoli quantomeccanici dello spettro di
dicroismo circolare elettronico (ECD). Alcuni dei diterpeni ottenuti hanno
mostrato una potente attivita antiproliferativa su una linea cellulare di linfoma di

ratto (ICsp nell’ordine nM).

La caratterizzazione stereostrutturale di tutti i composti isolati o sintetizzati ¢ stata
effettuata mediante indagini spettroscopiche (UV, IR, NMR mono- e
bidimensionale) e spettrometriche (ESI-MS), talvolta includendo derivatizzazioni

chimiche.



CHAPTERI

INTRODUCTION

1.1. NATURAL PRODUCTS CHEMISTRY

Nature represents an endless arsenal of new bioactive molecules and the study of
these metabolites has historically proven of immense benefit in the drug discovery
process. The history of terrestrial natural products chemistry can readily be traced
back to the beginning of the XIX century with the first investigation of terrestrial
plants aimed at finding the molecules responsible of the biological activities of the
extracts. This is in distinct contrast to the natural products chemistry associated
with marine species which has emerged only over the past 65 years mainly as a
result in the improvement of collection techniques, as SCUBA diving.
Furthermore, the improvements in spectroscopic methods have historically
stimulated natural products chemistry and the efforts to examine new compounds
from unusual organisms rapidly and systematically. Nevertheless, natural products
chemistry suffered a decline from the mid 1990's when major pharmaceutical
companies disinvested in this area and switched to more "rational" combi-chem
approaches.' In recent years Natural products chemistry began to flourish also
through chemical biology and chemical genetics and the realization that natural
product structures often explore structural space unavailable to combi-chem
approaches. Summarizing, simple natural organisms are able to create new
structures in a multitude of different ways and, thus, natural products constitute a
potentially infinite source of molecular diversity, unmatched by any synthetic
chemical collection or combinatorial chemistry.

Natural products have historically been a rich source of lead molecules in drug
discovery. The searches for new biologically active compounds are based on
microbial, plant and marine sources. The central issue of such type of studies is

the structure elucidation combined with biological tests.

The research work described in this PhD thesis has been performed at the

Dipartimento di Chimica delle Sostanze Naturali of Universita di Napoli




CHAPTER I - Introduction

"Federico II", and was addressed at different aspects of the research on marine
and terrestrial natural products. My research was directed to the "core activity" of
natural product chemistry, i.e. isolation and structure elucidation of new
compounds accompanied by semisynthesis or total synthesis on the most
interesting compounds. In particular, my research activity was addressed at three
different fields:
a) metabolites isolated from plants belonging to the Euphorbiaceae family
(Jatropha curcas, Euphorbia macroclada and Euphorbia bungei),
b) cannabinoids from Cannabis sativa and from the Indonesian sponge
Dasychalina sp.
c) isolation and synthesis of antimalarial compounds, cl) a phytochemical
investigation of the fruit of an African sample of Azadirachta indica, a plant of
used by African populations against malaria fever; c2) synthesis of monocyclic
1,2-dioxane derivatives, based on the plakortin scaffold. Plakortin is an
endoperoxide polyketide with interesting antimalarial properties which was

isolated from the marine sponge Plakortis simplex.

The results obtained during my Ph.D. have been reported in ten papers (listed at
the end of this chapter) already published or sent for publication.

1.1.1. An historical perspective2'4

For centuries China led the world in the use of natural products for healing. The
oldest compilation of Chinese herbs is Shen Nung Pen Ts’ao, which lists 385
materials. Pen Ts’ao Ma catalogue, written by Li-Chen during the Ming Dynasty,
(1573—-1620) mentions 1898 herbal drugs and 8160 prescriptions. The number of
medicinal herbs used in 1979 in China numbered 5967. One of the most famous
of the Chinese folk herbs is the ginseng root Panax ginseng, used for health
maintenance and treatment of various diseases. The active principles were thought
to be the saponins called ginsenolides. Another popular folk drug, the extract of
the Ginkgo tree, Ginkgo biloba L. which can improve memory and sharpen
mental alertness. Numerous psychedelic plants have been used since ancient
times, producing visions, mystical fantasies, sensation of flying, etc. The Indian

hemp plant, Cannabis sativa, has been used since 3000 BC, and it is also used as



CHAPTER I - Introduction

marijuana or hashish. Its constituent, A'-THC (tetrahydrocannabinol) is
responsible for its mind-altering effect. Mechoulam® has been the principal
worker in the cannabinoids, including structure determination and synthesis of A°-
THC. During the 17th century, the Jesuits brought with them from South America
the bark of the cinchona Cinchona officinalis (called quina-quina by the Indians)
for the treatment of malaria. In 1820, Pelletier and Caventou isolated from the
China tree the active compound, quinine. Alkaloids are the major constituents of
the herbal plants and the extracts used for centuries, but it was not until the early
nineteenth century that the active principles were isolated in pure form, for
example morphine (1816), atropine (1819). It was a century later that the
structures of these compounds were finally elucidated. Modern methods used to
separate complex organic mixtures utilizing gas-liquid chromatography (GLC),
high-pressure liquid chromatography (HPLC), and droplet counter-current (DCC)
chromatography can separate samples rapidly and efficiently in the picogram
range. This has been impossible until recently. Among the recent outstanding
contributions to the chemistry of natural products is the conformational analysis
designed by Derek Barton. Using conformational amalysis, he determined the
structures of many key terpenoids such as f-amyrin and cycloartenol. Robert B.
Woodward was involved in the structural determinations of penicillin, strychnine,
patalin, terramycin, aureomycin and the synthesis of Vitamin B12. His paper
published in 1941-42 on empirical rules for estimating the absorption maxima of
enones and dienes made the general organic chemical community realize that UV
could be used for structural studies, thus launching the beginning of the
spettroscopic revolution which soon brought on the applications of IR, NMR and
MS. As chemical techniques improved, the active constituents were isolated from
plants, were structurally characterized, and in due course, many were synthesized
in the laboratory. Sometimes, more active better tolerated drugs were produced by
chemical modification (semi- synthesis), or by total synthesis of analogues of the
active principles.

The investigation on the biosynthesis, a metabolic sequences leading to various
selected classes of natural products, is of pivotal importance in Natural Product
Chemistry. The term natural product is generally used to mean a secondary
metabolite: a small molecule that is not essential to the growth and development

of the producing organism. Such compounds are found only in specific organisms,
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or group of organisms, and are an expression of the individuality of species. Well
over 300,000 secondary metabolites probably exist, generally classified into five
categories: terpenoids and steroids, fatty acid—derived substances and
polyketides, alkaloids, nonribosomal polypeptides, and shikimate derived
compounds. Unraveling the biosynthetic pathways by which natural products are
made is difficult and time-consuming work, but is fundamental to understand how
organisms function at the molecular level. The molecules are sometimes complex,
but the building blocks for their biosynthesis derived from primary metabolism. It
has been established that the primary synthetic process in nature is photosynthesis
by which green plants utilize the energy of the sun for the production of organic
compounds from carbon dioxide. The initial products of photosynthesis are
carbohydrates. Further metabolic alterations lead to the formation of a pool of
organic compounds of low molecular weight and simple structures such as
carboxylic- and amino acids, which are vital for the living organisms. They form
the synthetic starting materials for specific, genetically controlled, enzymatically
catalyzed reactions that lead to the complex compounds that characterize the
secondary metabolism of plants and mammals. In many cases, a suitable cofactor,
e.g. NAD", PLP, HSCoA, as well as the substrate, may also be bound to
participate in the transformation. Enzymes have the power to effect these
transformation more efficiently and more rapidly than the chemical analogy, and
also under very much milder conditions. Where relevant, they also carry out
reactions in stereospecific manner. Some of the important reaction frequently
encountered are alkylation, oxidation and reduction, decarboxylation, aldol and
Claisen reactions.

The reaction pathway leading to a particular natural product is called the
biosynthetic pathway and the corresponding event is known as biogenesis. By far
the most important building blocks employed in the biosynthesis of secondary
metabolites are derived from the intermediates acetyl coenzyme A (acetyl-CoA),
shikimic acid, mevalonic acid, and 1-deoxyxylulose 5-phoshate. These are utilized
respectively in the acetate, shikimate, mevalonate, and deoxyxylulose phosphate

pathways.
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1.1.2. Marine Natural Products

The study of marine natural products is considerably far behind that of
compounds of terrestrial origin due to the difficulty in collection and
identification of marine organisms. However, in spite of these difficulties, the
marine environment has proven to be a very rich source of extremely potent
compounds that have demonstrated significant activities in antitumor, anti-
inflammatory, analgesia, immuno-modulation, allergy, and anti-viral assays.® To
date, more than 25,000 marine natural products have been isolated from 3,000
marine organisms and reported in about 8,000 publications (these data are referred
to early 2009). Bioactive products have been isolated from animalia and plantae
as well as from marine microorganisms such as bacteria and fungi, protozoa and
chromista.

The oceans cover more than 70% of the earth’s surface and contain more than
300,000 described species of plants and animals.”® Macroscopic plants and
animals have adapted to all regions of the oceans, including polar, temperate, and
tropical areas. The diversity in species is extraordinarily rich on coral reefs, where
there are around 1,000 species per m” in some areas, and the Indo-Pacific Ocean
has the world’s greatest tropical marine biodiversity. The number and the activity
of the natural products is directly related to the level of biodiversity of a marine
area. The most interesting and promising marine natural products are small- to
medium- molecular weight compounds produced principally by marine
invertebrates (sponges, tunicates, soft corals) and microbes that have stimulated
interdisciplinary studies by chemists, biologists and pharmacologists. The
incredible potential of even a single marine organism to produce a large array of
secondary metabolites can be interpreted by considering the common features of
the secondary metabolism in all the living organisms as well as some peculiar
features of the marine environment. Secondary metabolites play an essential role
for the adaptation of the producer organism to the environment, mainly, but not
uniquely, in terms of defence; they are practically the sole tool in the hands of
organisms at lower evolutionary levels or lacking of mechanical or morphological
way for protecting themselves (this is the case of sessile organisms as plants,
algae, and the marine invertebrates sponges, tunicates, and bryozoans). It is now
generally accepted that metabolic pathways of the secondary metabolism are

intrinsically different from those characterizing the primary metabolism.
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For all the reasons above summarized, it is not surprising that a thorough chemical
analysis of a single marine invertebrate, carried out with non-destructive modern
spectroscopic techniques (allowing the stereostructure elucidation of molecules
isolated in the low milligram range) can afford tens, when not hundreds, of
secondary metabolites. These products provide a rich source of chemical diversity
that can be fruitfully used as a “natural combinatorial library”, frequently more
rich and chemically diverse than the libraries obtained through the use of synthetic
combinatorial chemistry. Ideally, this “natural library” can be screened in order to
find lead compounds to be used as inspiration to design and develop new
potentially useful therapeutic agents and to gain the first information about the
structure-activity relationships.

In spite of the difficulties associated with the limited availability of the
compounds under investigation, which is strictly related to the limited supply of
the biological material correctly protected for environmental concerns, some
interesting results have been obtained. Through the combined efforts of marine
natural product chemists and pharmacologists, an astounding array of promising
compounds have been identified. Some of these molecules are either at advanced
stages of clinical trials or have been selected as promising candidates for extended
pre-clinical evaluation. The majority of these products fall within the area of
antimicrobial and cancer therapies. Just to cite an example, ecteinascidin 743 (ET-
743), an anti-tumour compound especially effective against solid tumours, has

entered the drug market in Europe.

1.2. STRUCTURAL DETERMINATION METHODS

Recently, natural products chemistry has undergone explosive growth due to
advances in isolation techniques, synthetic and biosynthetic approaches as well as
spectroscopic and chromatographic methods. Structural determination described
in this thesis is largely based on spectroscopic techniques, mostly mass
spectrometry (MS) and nuclear magnetic resonance (NMR), even if in some cases
degradation methods were used. In addition, computational calculations are
becoming increasingly important for the determination the stereostructure of
target compound and, therefore, a short paragraph on the prediction of

configuration with computational methods has been added.
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1.2.1. Mass Spectrometry

Mass Spectrometry is an analytical technique, particularly used in organic
chemistry, which allows to measure molecular masses of unknown compounds
and thus to determine their elementary formula. Unlike other spectroscopic
techniques, mass spectrometry is a destructive analytical technique, that is not
based on the interaction between radiations and matter. Any molecule has first to
be ionized and transferred to gas phase in the ion source and then it is transmitted
to the mass analyzer where its mass properties are measured. These
three fundamental step of the process occur in three different parts of the mass
spectrometer, namely the ionisation source, the analyser , and the detector. In
order to obtain a mass spectrum, in the ion source, must be produced ions in a gas-
phase. they are subsequently accelerated, by an electric field, until they get to a
specific speed and they are transferred to the mass analyzer, which separate
different ions on the base of their mass/charge (m/z) ratio. The separated ions are
then measured on the detector and the results displayed.

Most of compounds described in the following chapters have been analyzed by
Electrospray lonisation (ESI) mass spectrometry through an Orbitrap system.

ESI mass spectrometry allows the determination of non-volatile molecules to be
analyzed directly from the liquid phase (Fig.1.1). The electrospray process is
governed by a large number of chemical and physical parameters that together
determine the quality of the process. Its start and end can be defined by an

electrical circuit that drives the spray of liquid-charged droplets.

|thermal desolvatinnl |callisional adiv.atian|

53. analyzer

\II-N

N\

Figure 1.1. ESI mass spectrometry

In this process the biomolecule starts out as an entity or complex, usually charged
and dissolved in a water-rich environment. At the end of the process the same
biomolecule is represented and harvested through the orifice of a mass analyser as

a series of ‘naked’ multicharged ions. In a vacuum, the biomolecular ions then are
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selectively analysed according to their mass/charge ratio. Because of the electric
potential of the capillary, each droplet of the spray carries an excess positive or
negative charge, and this causes extensive protonation or deprotonation of the
molecules of the sample, which become ions. An uncharged carrier gas such as
nitrogen is used to help the liquid to nebulize and the neutral solvent in the

droplets to evaporate.

Orbitrap is a new type of mass analyzer introduced by Makarov.” The LTQ-
Orbitrap combines the most advanced Ion Trap and Fourier Transform
technologies into a single instrument with unprecedented analytical power and
versatility. The instrument provides a high mass resolution, accurate mass
determinations, and MS" for routine high-throughput analysis.

In an orbitrap, ions are injected tangentially into the electric field between the
electrodes and trapped because their electrostatic attraction to the inner electrode
is balanced by centrifugal forces. Thus, ions cycle around the central electrode in
rings. In addition, the ions also move back and forth along the axis of the central
electrode. Therefore, ions of a specific mass-to-charge ratio move in rings which
oscillate along the central spindle (Fig.1.2). The frequency of these harmonic
oscillations is independent of the ion velocity and is inversely proportional to the

square root of the mass-to-charge ratio (m/z ).

Figure 1.2. Ion trajectories in an Orbitrap mass spectrometer.

By sensing the ion oscillation similar as in the FT-MS (Fourier transform mass
spectrometry), the trap can be used as a mass analyzer. Orbitraps have a high mass
accuracy (1-2 ppm), a high resolving power (up to 200,000). Currently, there are
two commercial LTQ-Orbitrap instruments, the Discovery and XL models. One of
the primary differences is that the XL has a linear octopole collision cell (absent

in the Discovery model), in which collisional activation and fragmentation can be
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performed. Although this feature provides additional versatility to MS/MS
experiments, the analytical performance and fundamental principles of operation

of the Orbitrap analyzers in both instruments are identical.'’

1.2.2 Nuclear Magnetic Resonance''™"

Nuclear Magnetic Resonance spectroscopy is a powerful and theoretically
complex analytical tool used for structure elucidation of the isolated secondary
metabolites. It involves reorientations of nuclear spins with respect to an applied
static magnetic field. In addition to standard 'H and '*C NMR spectra, a large use
of 2D NMR experiments has been made in the course of my research activity.
They are superior to their 1D NMR counterparts both for the information on the
connection of nuclei and for the easier assignment of nuclei resonating in crowded
regions of the spectra (signal overlapping is much less likely in two dimensions
than in one).

The COSY (COrrelation SpectroscopY) experiments allow you to determine the
connectivity of a molecule by determining which protons are spin-spin coupled. In
spite of the many modifications which have been proposed along the years, the
very basic sequence composed of two m/2 pulses separated by the evolution period
t1 is still the best choice if one is simply dealing with the presence or the absence
of a given coupling, but not with the value of the relevant coupling constant.

The HSQC (Heteronuclear Single Quantum Correlation) experiment is 2D NMR
heteronuclear correlation experiment, in which only one-bond proton-carbon
couplings ("Jcp) are observed. The HSQC experiment correlates the chemical shift
of proton with the chemical shift of the directly bonded carbon.

The HMBC (Heteronuclear Multiple Bond Correlation) experiment is a
heteronuclear two-and three-bond 'H-'">C correlation experiment; its sequence is
less efficient than HSQC because the involved **Jcy couplings are smaller (3-
10Hz). Moreover, while 'Jcy are all quite close to each other, **Jcy can be very
different, making necessary the optimization of the experiment for each type of
coupling. As a consequence, in many HMBC spectra not all of the correlation
peaks which could be expected from the structure of the molecule are present.
Cross peaks are between protons and carbons that are two or three bonds away

while direct one-bond cross-peaks are suppressed. This experiment, finally, allow
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the connection of the fragments and the assembling of the structure of the

molecules.

1.3. METHODS FOR CONFIGURATION DETERMINATION

The determination of relative and absolute configuration of a natural substance is
a key step in the process of its structural characterization. Only by knowing the
stereochemistry of a molecule can be traced back to its three dimensional structure
and approach to biological studies, e.g. studies of drug-receptor interaction,
or chemical, such as the studies related to the total synthesis of complex
molecules with a good activity pharmacological. Most of the natural compounds
has one or more chiral centers. Usually, in the configuration determination, we
start by establishing the relative configuration of chiral centers. NMR can be very
useful trough the values of chemical shifts (9), coupling constants (J) and NOE
effects.
The chemical shifts of protons are influenced by their chemical around, so the
protons of two diastereomers have different values.
The Karplus’s equa‘[ion14 describes the influence of relative arrangements of
protons in a molecules on the values of coupling constants (J.p).

3J= Acost® + BcosO + C
This equation evidences that the values of homonuclear (*Ji;y) and heteronuclear
Clen) coupling constants are related to the value of the dihedral angle 6 between
atoms. The superscript "3" indicates that a 'H atom is coupled to another 'H atom
three bonds away, via H-C-C-H bonds. The magnitude of these couplings are
generally smallest (0-1,5 Hz) when the torsion angle is close to 90° and largest at
angles of 0 and 180°. In some cases the axial-axial coupling constant for an
antiperiplanar 180° H-C-C-H configuration may be more than 9.5 Hz. Indeed for
rigid cyclohexanes it is around 9-13 Hz, because the dihedral angle is close to
180°, where the orbitals overlap most efficiently.
Additional information about relative configuration of stereogenic centers can be
obtained from the so-called NOE effect’> (N.O.E.: "Nuclear Overhauser
Enhancement"). This effect can be observed upon irradiation, during the
acquisition of the spectra, on a specific signal. In this way, the relaxation times of

all the protons surrounding the irradiated proton (distance < 2.5 A°), even though
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not belonging to the same spin system, are influenced and thus, their height
changes. The NOE effect establishes a spatial relationship between substituents of
fixed molecules, but this effect is dependent from the dimensions of the molecule.
The ROESY (Rotating-frame Overhauser SpectroscopY) experiment is a chemical
shift homonuclear correlation which can detect ROEs (Rotating-frame Overhauser
Effect). ROE is similar to NOE, being related to dipolar coupling between nuclei,
and depending on the geometric distance between the nuclei. While NOE is
positive for small molecules and negative for macromolecules, ROE is always
positive. Therefore, the ROESY experiment is particularly useful for mid-size

molecules, which would show a NOE close to zero.
1.3.1 Circular Dichroism

First-principles calculations of electronic circular dichroism (ECD) are widely
used to determine absolute configurations of chiral molecules. Circular Dichroism
(CD) is observed when a molecule is optically active, it absorbs right-and left-
handed circularly polarize light to different extents. The CD spectroscopy takes
advantage of the different absorption shown by chiral compounds of left and right
circularly polarized UV/Vis light. Plane polarised light can be viewed as being
made up of 2 circularly polarised components of equal magnitude, one rotating
counter-clockwise (left handed, L) and the other clockwise (right handed, R).
Circular dichroism (CD) refers to the differential absorption of these 2
components (Fig. 1.3).

Figure 1.3. Origin of the CD effect. (a) The left
(L) and right (R) circularly polarised components
of plane polarised radiation: (I) the two

components have the same amplitude and when

combined generate plane polarised radiation; (II)

w5 o 1 > 3 the components are of different magnitude and the
% j\ f\ j\ resultant (dashed line) is elliptically polarised. (b)
% B ——1 The relationship between absorption and CD
[\ spectra. Band 1 is not chiral; band 2 has a positive
= T _\/;— A CD spectrum with L absorbed more than R; band

- 3 has a negative CD spectrum.
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If, after passage through the sample being examined, the L and R components are
not absorbed or are absorbed to equal extents, the recombination of L and R
would regenerate radiation polarised in the original plane (Fig. 1.3). However, if
L and R are absorbed to different extents, the resulting radiation would be said to
possess elliptical polarization (Fig. 1.3)."°

In practice, the CD instrument (spectropolarimeter) does not recombine the
components but detects the two components separately; it will then display the
dichroism at a given wavelength of radiation expressed as either the difference in
absorbance of the two components: Ae = el — eR. Ag as a function of the incident

light frequency o is called CD spectrum.

The CD of pure enantiomers differs in sign, but not in magnitude. There is no
simple relation between the absolute configuration of an enantiomer and the sign
of its ECD spectrum: CD depends on details of the electronic and geometric
molecular structure. However, ab initio electronic structure calculations are
nowadays able to predict ECD accurately and thus allow an assignment of the
absolute configuration by comparison of experimental and computed ECD

spectra.

1.3.2. Computational methods for configuration determination

The increasing improvement of computer performances and the development of
methods and algorithms ever more advanced and efficient, has led to the
emergence of computational chemistry, a branch of chemistry that uses quantum
mechanical principles to get the realistic representation of the three-dimensional
structure of a molecule. To determine the conformation of a molecule, using a
computer and a process called "minimization", the atoms must be moved from
their positions evaluating the resulting changes of the total energy of the
system. The geometry corresponding to the minimum energy is the most favored
and, therefore, the most representative of the structure in solution. It is thus
possible to compare the distances between protons in different stereoisomers and
verify which of these corresponds to the spectroscopic data previously obtained.
The molecular mechanics provides the force field for every molecule that
describe the conformation and behavior of molecules. Force field allows to
calculate the energy of each rearrangement of atoms in a system and allows you to

evaluate how it changes with the position of the atoms. In this way, it is possible
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to find the minimum point of this function, determining both conformation and
minimum energy. This process, known as minimization, leads to a relative
minimum, while the absolute minimum, in simple cases, can be find with
processes known as conformational search (systematic search, random search,
simulated annealing). The experimental information on the conformation of the
molecule, mainly derived from NMR experiments (NOE effects) may be included
in the force field to "help" to determine the actual conformation at low energy. In
simulated annealing method, the molecule is subjected to a molecular dynamics
simulation, starting at high temperature and gradually lowering the until get to
absolute zero. At low temperatures the molecule is locked the energetically lowest
conformer.

An alternative and complementary method to molecular dynamics for
configuration determination of compounds structurally complex for flexibility or
number of stereoisomers, is ab initio method that allow the prediction of chemical
shifts of protons and carbons by values of coupling constants. Good matching
between the calculated chemical shifts for one of the potential structures with the
experimental values constitutes an excellent tool to support structural analysis of
organic compounds. Density functional theory (DFT) has emerged in recent years
as a promising alternative to conventional ab initio methods in quantum
chemistry.

All calculations reported in my thesis have been performed using Gaussian
03.33'7 while the preliminary conformational search was performed by Simulated

Annealing in the INSIGHT II package.
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CANNABINOIDS: ISOLATION AND SYNTHESIS
OF NEW COMPOUNDS

2.1. PHYTOCHEMISTRY AND MEDICINAL CHEMISTRY OF
CANNABINOIDS

A combination of history, chemistry, pharmacology, toxicology, and deep social
impact makes Cannabis sativa L. (hemp) a unique plant. C. sativa is relatively
unique in taxonomic terms, since the genus Cannabis has only one species, and
belongs to a family (Cannabaceae) including only two genera (Cannabis and
Humulus). Various subspecies of C. sativa have been identified' but they reflect,
however, mainly geographical and/or chemotypic variants of a single taxonomic
entity rather than distinct species. From the medicinal point of view, two
Cannabis phenotypes can be identified: 1) a fiber type Cannabis, rich of
cannabidiol (CBD, 4) and almost devoid of Ag—tetrahydrocannabinol (A°-THC, 6)
(generally < 0.2% dry weight), also called hemp and used for textile or seed oil
purposes, and 2) the drug type Cannabis, the well-known A’-THC-rich
psychotropic cannabis, whose flowering tops are known as marijuana and are used
to obtain hashish. The recreational use of the A’-THC-rich chemotype of C. sativa
dates back to about 5000 years ago and constitutes now the most widely utilized
illicit narcotic plant in the world. The psychotropic variety of Cannabis was,
however, totally unknown to the ancient Mediterranean civilizations and became
known in Europe only at the times of the Crusades in the XII-XIII centuries. The
wealth of pharmacological activities discovered for C. sativa secondary
metabolites make this plant one of the most thoroughly investigated from both the
phytochemical and the pharmacological point of views, and, at the same time, one
of the hottest topics in current medicinal chemistry research.

The chemistry of C. sativa is extremely complex and includes constituents
belonging to the classes of polyketides, terpenoids (a mixture of about 120 mono-

and sesquiterpenoids is responsible for the characteristic odour of the plant),
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modified sugars, alkaloids, flavonoids, stilbenoids, and quinones. The sheer
observation that more than 500 compounds have been characterized from C.
sativa can give an idea of the phytochemical diversity of this plant. The
concentration of these compounds depends on several factors including variety,
age, growth conditions, harvesting time and storage conditions. Cannabinoids
include about 100 (to date) meroterpenoids (prenylated polyketides) accumulated
in tiny epidermal resinous glands and characterized by very specific and potent
pharmacological activities. Cannabinoids exemplify the impact that natural
products can have on modern medicinal chemistry and pharmacology.
Investigation of cannabinoid chemistry has been an important part of the research
activity during my Ph. D. and in this area I have been co-author of a review
published on the journal Current Medicinal Chemistry.> In particular, this review
aimed at giving a survey of the more recent advances in both phytochemistry of
C. sativa, the medicinal chemistry of cannabinoids, and their distribution in
plants, highlighting the impact that research in these hot fields could have for
modern medicinal chemistry and pharmacology.

Cannabinoids, a class of mono- to tetracyclic C,; (or C,;) meroterpenoids, are the
most important secondary metabolites of C. sativa. The plant elaborates these
molecules through the assemblage and subsequent modification of two building
blocks coming from different biogenetic pathways, namely a C;, polyketide unit
and a monoterpene unit (geranyl pyrophosphate, GPP), originating from the
deoxyxylulose phosphate/methylerythritol phosphate pathway. The first product
of the attachment of these two units is cannabigerolic acid, which has been
identified as the direct precursor (through subsequent -cyclizations and
rearrangements) of the most important phytocannabinoid subclasses.’ The parent
compounds of these classes are cannabichromene (CBC, 2), cannabicyclol (CBL,
3), cannabidiol (CBD, 4), cannabielsoin (CBE, 5), A’-THC (6), and
cannabicoumaronone (CBCON, 7), with the most recent additions to the
cannabinoid inventory falling into the CBCON,* CBC and CBG families.’
Despite all these studies, structural diversity within cannabinoids is far from
having been exhaustedly unravelled, as shown by the recent discovery of

cannabimovone (CBM, 8, Fig. 2.1).°
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Figure 2.1. The parent compounds of the cannabinoid structural classes and their
demonstrated or postulated biogenetic relationships.

The building blocks of cannabinoids, GPP and alkyl resorcinol derivatives, are
very common in Nature. For example, olivetol is a common lichen constituent,
while limonene, the terpenoid moiety of CBD (4), is widespread in plants. So far,
only two cannabinoids (CBG, 1 and its corresponding acid) have been obtained
from a non-Cannabis source. These compounds are accumulated by a South
African Helichrysum (H. umbraculigerum)’ and plants from this asteraceous
genus (used in traditional medicine for a host of inflammatory and anti-infective
conditions) as well as liverworts have also provided compounds related to
cannabinoids’. Helychrysum cannabinoids are prenylated dibenzyls bearing a
close relationship with cannabinoids, from which they differ for the replacement
of the n-pentyl (or n-propyl) C-3 side chain with a B-phenylethyl group (e.g. H-
CBG, 9). The two classes of compounds are biogenetically related, differing only

for the type of ketide starter, which is aliphatic in cannabinoids from hemp, and
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aromatic in those from Helichrysum. Surprisingly, the bioactivity of Helychrysum
cannabinoids has not yet been investigated, presumably due to their limited

availability by isolation or by synthesis.

Figure 2.2. H-CBG (9) from Helichrysum and 10 from Radula

These prenylated bibenzyl compounds have been found also in tropical liverworts
from the genus Radula, where they occur with their ortho-derivatives (abnormal
cannabinoids).® For example, compound 10 strictly resembles A’-THC (6) but no
data on its binding to CB receptors are available so far.

Natural products with cannabinomimetic activity, whose structures are not related
to the meroterpenoids of hemp nor to the endocannabinoids (polyunsaturated fatty
acid amides or esters), are extremely rare. During my research activity, reported in
this Ph.D. thesis, I have isolated haplosamate A (11) with its new desulfo
analogue9 (12), which, to our knowledge, represents the first CB ligands

belonging to the class of steroids.

The selectivity of desulfohaplosamate (12) for CB, receptor is particularly
important and worthy of further investigation, given the involvement of this
receptor in the immune response and inflammation'® and the lack of abuse
potential and strong central effects related to the use of CB, ligands.

In the following paragraphs, I have reported the five most important structural
classes of cannabinoids from C. sativa, briefly reporting and commenting on their

biogenetic relationships.
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2.1.1. Cannabigerol-type

As shown in Figure 2.3, the polyketide moiety of cannabinoids originates from n-
hexanoylCoA through the tri-fold addition of malonyl-derived acetate units, unit,
followed by cyclization and aromatization to give olivetolic acid. Condensation
between olivetolic acid and GPP is catalyzed by a specific prenyltransferase
identified in the expanding leaves of C. sativa."' The product of this reaction is
cannabigerolic acid (CBGA), whose decarboxylated analogue is named
cannabigerol (1, CBG). It is generally accepted that the decarboxylation step for
CBGA and all the other cannabinoids is non-enzymatic and occurs spontaneously

during either storage or extraction/purification of the compounds.

o I O OH
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Figure 2.3. Biogenesis of cannabigerolic acid (CBGA) and cannabigerol (1)

A series of minor analogues of cannabigerol (1) showing a shorter alkyl chain
attached to the phenyl ring have been found, e.g. cannabigerovarin'® showing a
linear CsH7 chain. These compounds (cannabivarins) could derive from either
enzymatic shortening of the CBG pentyl chain or, more likely, from a shorter
starter unit (butanoylCoA) for the ketide homologation. Similar shortened-side
chain compounds (also with C4 or C; side chains) have been found in all the other
classes of cannabinoids but, for simplicity, they will not be reported here.

A CBGA analogue showing a Z- double bond in the prenyl unit has been isolated
and named cannabinerolic acid.” Carmagerol, rac-6',7'-dihydro,6',7'-
dihydroxycannabigerol, has been obtained from the Carma variety of C. sativa
and also identified as a possible mammalian metabolite of cannabigerol.'* Finally,
a number of hydroxylated and oxidized quinone derivatives of cannabigerol have

been recently reported from a high-potency A’-THC-rich variety of C. sativa.’
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2.1.2. Cannabichromene- and cannabicyclol-type

The oxidative intramolecular cyclization of CBGA affords cannabichromenic acid
(CBCA) and, by decarboxylation, cannabichromene (CBC, 2, Fig.2.4). CBC is
well represented in psychotropic and fiber—type varieties of C. sativa and has been
isolated as a racemate.'® A [2 + 2] intramolecular cycloaddition of CBCA triggers
the simultaneous formation of two additional rings (four- and five-membered,
respectively) affording the tetracyclic system of cannabicyclolic acid (CBLA),
next turned by decarboxylation into cannabicyclol'® (CBL, 3, Fig. 2.4). It is not
clear if the formation of cannabicyclol is the result of natural irradiation on the
plant or it is an artifact formed in the crude extract. The photocycloaddition takes
place with exquisite diastereoselectivity, and the adduct results from the approach
of the terminal double bond from the face anti to that of the angular pyrane

oxygen. Also cannabicyclol was isolated as a racemate.

Figure 2.4. Biogenesis of cannabichromene- and cannabicylol-type compounds
2.1.3. Cannabidiol- cannabielsoin- and cannabimovone-type

Cannabidiolic acid (CBDA) and cannabidiol (CBD, 4) are the main constituent of

the non-psychotropic (fiber-type) varieties of C. sativa (Fig. 2.5).
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Fig. 2.5. Biogenesis of cannabidiol (4) and cannabinodiol (13)

These compounds are the result of an oxidative cyclization of CBGA, resulting
in the formation of a link between C-1 and C-6 of the prenyl unit. The enzyme
catalyzing this stereospecific reaction (cannabidiolic acid synthase) has been
isolated and characterized.'” The aromatized analogue of CBD (4) is named
cannabinodiol'® (13), and it is likely an artefact, since its concentration increases
with the age of the stored plant.

Both compounds of the cannabielsoin-cannabifuran type and of the
cannabimovone type likely derive from CBD (4, Fig. 2.6). Although not proven at
the biochemical level, and uncharacterized in terms of enzyme(s) involved, these
relationships are supported by model reactions that involve intermediates where
the trisubstituted double bond of CBD has been epoxidized or dihydroxylated.
Attachment of one of the two phenolic oxygen atoms at the endocyclic double
bond of the monoterpene unit generates the dihydrofuran ring of the cannabielsoin
(CBE)-type compounds shown in figure 2.6 (CBEA and 5). These molecules
have been both isolated from C. sativa' but they have also been detected during
studies of the mammalian metabolism of CBD.? It seems to be present a curious
overlapping of cannabinoid oxygenating enzymes between C. sativa and
mammals, as already suggested by the isolation of carmagerol, another
mammalian metabolite of cannabinoids. The aromatized analogue of
cannabielsoin, dihydrocannabifuran (14) and cannabifuran®’ (CBF, 15), whose

presence has been demonstrated also in the smoke condensate of hashish, show a
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dibenzofurane structure. Cannabielsoin is the only eponimic cannabinoid, and its
name is a tribute to the technician Elsa Boyanova, who isolated it and shortly

thereafter passed away.

Fig. 2.6. Cannabielsoin- and cannabimovone-type compounds

The chemical investigation of a non-psychotropic variety of C. sativa (Carma)
carried out during my Ph.D., and described in this thesis, led to isolation of
cannabioxepane” (CBX, 29) (see below). Its new skeleton bears some
relationships with some cannabinoids from the CBE family, and particularly with
the aromatized analogue named cannabifuran, however, noteworthy, no member
of the CBE family shows a fourth ring.

Cannabimovone (CBM, 8), also was isolated from a non-psychotropic variety of
C. sativa (Carma).® CBM shows an unprecedented abeo-menthane terpenoid
structure, seemingly derived from CBD (4) by stereoselective dihydroxylation of
the endocyclic double bond, followed by oxidative cleavage of the glycol system
and then aldolyzation of the resulting dicarbonyl intermediate. Attempts to
reproduce this biogenetic scheme afforded only the cronotized analogue of CBM
(8). Interestingly, this synthetic compound showed a biological profile similar,
although less potent, to that of A’-THC (6), while CBM (8) acted as an analogue
of CBD® (4).
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2.1.4. Tetrahydrocannabinol-type

Tetrahydrocannabinolic acid (THCA) and A9-tetrahydr0cannabinol (A’-THC, 6)
are the main constituents of the psychotropic varieties of C. sativa. Although a
rearrangement of CBD (4) precursors could seem a reasonable biogenesis for
these molecules, the isolation and characterization of the specific FAD-dependent
enzyme THCA synthase unambiguously demonstrated that these compounds
actually derive from cyclization of CBGA through a cationic intermediate with
positive charge at C-3.” Attachment of the phenolic oxygen at C-7 of the
monoterpene unit and the linkage C-6/C-2 give rise to the tricyclic system of
THCA and of its decarboxylated analogue A’-THC, 6 (for which the widely

employed dibenzopyrane numbering system is indicated in figure 2.7).
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Figure 2.7. Tetrahydrocannabinol-type compounds
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A number of analogues sharing this structural framework have been found. A®-
THCA and the decarboxylated (A®-THC) show isomerization of the double bond,
while the completely aromatized analogues are called cannabinolic acid (CBNA)
and cannabinol (CBN). These molecules are thought to be artifacts since their
concentration in extracts increases during storage, while simultaneously, the
concentration of A’-THC decreases. The A*-THC/CBN ratio is used as indication
of the age of stored marijuana samples. Hydroxylated CBNA and CBN
derivatives have been recently reported.”* Cannabiripsol is the dihydroxylated
analogue of A’-THC,” and it differs from the frans- and cis-cannabitriol*® for a
double bond at the junction with the oxygenated ring. Finally dihydroxy-A’-
THC? and cannabitetrol®® differ for the position and /or for the number of
hydroxyl groups. Cannabicitran (CBT) is a cyclized and demethylated analogue of
A’-THC.” Surprisingly, the configurational aspects of some of these oxygenated
analogues of A’-THC, are still undefined and it is not clear if they were obtained
in diastereomerically pure form or as mixtures. Isotetrahydrocannabinol (16)" is a
minor cannabinoid deriving from a different cyclization mode of the cationic
intermediate produced from CBGA (Fig. 2.8). The main difference between the
two pathways is that, in this case, the phenolic oxygen atom quenches directly the

carbocation.

Figure 2.8. Biogenetic formation of isotetrahydrocannabinol (16)

2.1.5. Cannabicoumaronone- and cannabichromanone-type

The carbon skeleton of cannabicoumaronone (7) is, in principle, related to that of
A’-THC (6) via the oxidative cleavage of its trisubstituted double bond
(interestingly, a similar cleavage, on CBD (4), has been hypothesized for the

formation of cannabimovone, CBM,8) followed by hemiacetalization/dehydration
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yielding to the furan ring. A cell suspension culture of C. sativa has been

demonstrated to be able to convert A*-THC (6) in cannabicoumaronone (7).

B
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18 17

Fig. 2.9. Cannabicoumaronone- and cannabichromanone-type compounds

Oxidative cleavage of the aldehyde is the likely biogenetic origin of
cannabichromanone (17), for which a series of derivatives, including the cyclized

derivative 18, have been recently reported (Fig. 2.9).°

2.2. CANNABINOID RECEPTORS

Many of the potential therapeutic uses of cannabinoids are related to the
interaction with (at least) two cannabinoid G-protein coupled receptors (CB; and
CB,). Cannabinoid receptors are the primary targets of endogenous cannabinoids
(endocannabinoids). These G protein-coupled receptors are activated also, by two
major group of ligands, plant and synthetic cannabinoids. Cannabinoid receptors
play an important role in many processes, including metabolic regulation, craving,
pain, anxiety, bone growth, and immune function.

Both the structure determination of A’-THC (6) and the discovery of a specific
receptor for opioids, two scientific events of the 1960s-1970s, gave a strong
impulse to the research on the cannabinoid receptors. The idea that, similarly to
opioids, also the psychoactive constituents from Cannabis could act by interaction

with a specific receptor located in the CNS, had been long dismissed, also basing
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on the false assumption that A’-THC (6) and its enantiomer had similar mind-
altering activity. Some technical difficulties (e.g. working with highly
hydrophobic compounds as cannabinoids) and the lower social and health impact
of  cannabinoids compared to opioid-derived compounds, also contributed to
slow down the research of a cannabinoid receptor. However, one of the most
decisive impulse was given by the discovery, in the Pfizer labs, of CP 55,940 (19,
Fig. 2.10), a synthetic molecule about 20 times more potent than A’-THC.>* The
labelled version of CP 55,940 (19) was used to develop a binding assay for
cannabinoid receptors, allowing the analysis of their distribution by quantitative
autoradiography. High levels of cannabinoid receptors were found in cortex,

hippocampus, amygdala, basal ganglia, and in the cerebellum.

OH

r

Figure 2.10. The chemical structure of CP 55,940 (19)

Two cannabinoid (CB) receptors have been identified and cloned to date: CB; and
CB.. They have a 40% of homology (CB, being the smallest one) and both share
the heptahelical structure of G-protein coupled receptors.”® The effect of
interaction with cannabinoid receptors is mediated by a cascade of signal
transduction pathways including interaction with potassium and calcium channels
(for CBy) and several kinases (e.g. MAP kinase). Table 2.1 summarizes some
selected properties of these receptors. The existence of other cannabinoid
receptors different from CB; and CB; has long been pursued, since a number of
cannabinoid-like effects persist in CB;/CB, knockout mice. A proposed third
cannabinoid receptor is the recently identified GPR55,** but its role in the
pharmacological actions of A’-THC and in the physiological effects of
endogenous cannabinoids are still controversial. GPRS55 is activated by

lysophosphatidylinositol and is expressed in human and mouse osteoclasts and
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osteoblasts; it suppresses osteoclast formation but stimulates osteoclast function,

exerting a pivotal role in bone physiology and turnover.

Table 2.1. Some selected features of CB; and CB, receptors.
CBl CBZ

Type of receptor | G (Gi-G,)-protein coupled G (Gi-G,)-protein coupled

Localization Mostly CNS; Adipocytes; | Inmune system cells;
Kidney; Lung; Liver Spleen; CNS; Osteo-cells;
Adipose tissue

Inducibility Low inducibility Highly inducible

The presence of cannabinoid receptors implies the existence of endogenous
ligands. Mechoulam and Devane identified the first ligand molecule in 1992°° and
called it anandamide (20), from ananda, the Sanskrit word to describe “delight,
bliss”. A number of endogenous CB; agonist fatty acid amides were then added to
the list, while the ester derivative 2-arachidonoyl glycerol (2-AG)*® (21) proved to
be more potent than anandamide. Interestingly, virodhamine, an arachidonoyl
ethanolamine where the two units are joined by an ester linkage in place of the
amide linkage, is an antagonist of CB; receptor’’ and agonist of CB, receptor. It is
highly produced in peripheral tissues express CB,. Noladin (22) and other
endocannabinoids have an ether-linkage in place of the ester linkage between the
polar head and the apolar tail. Remarkably, all endocannabinoids (Fig. 2.11)
described to date are either chemical unstable (virodhamine) or rapidly degraded
by hydrolytic enzymes in vivo. The endocannabinoids are accompanied by
saturated, and mono- or diunsaturated congeners which are CB; and CB, receptor-
inactive. This CB; or CB, inactive molecules appear to potentiate the effect of
anandamide or arachinoyl glycerol (“entourage effect”).’® In this regard, my
research group has recently shown® that introduction of a methylene lock on the
ethanolamide head, thus generating a cyclopropane ring, as in 23, is able to trigger

strong CB; affinity in oleolyethanolamide.
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Figure 2.11. The chemical structures of endocannabinoids 20-22 and the synthetic
analogue 23

Apart from the metabotropic cannabinoid receptors CB;, CB, and (possibly)
GPRS5S5, cannabinoids also bind to PPAR-gamma and to some thermo-TRPs, a
series of ion-channels characterized by an intracellular ligand-binding domain and

. . . . . 40
involved in pain and inflammation.

The regulation of ionotropic- and
metabotropic proteins targeted by cannabinoids is, undoubtedly, one of the hottest
field in cannabinoid research.

Interaction with CB receptors has been unambiguously associated to a number of
pharmacological effects, but the most important are: 1) psychotropic effects

(euphoria) 2) antiemetic effect, 3) analgesic effect, 4) immunomodulation 5) motor

effects (hypokinesia, ataxia, antispasticity).

Many of the psychoactive effects of A>-THC (6) appear to be mediated by CB,
receptors , while non-psychoactive cannabinoids (as CBD, 4) have very low
affinity both for CB; and CB,. A’-THC (6) is the phytocannabinoid showing the
highest affinity to CB receptors, with a K; around 40 nM for both CB; and CB;
(CBD K; = 3000-4000 nM). A>THC (see structure in figure 2.7) is almost
equipotent to A’-THC*" (6). Interaction of A’-THC (6) with CB, receptors on
presynaptic nerve terminals in the brain is responsible of the euphoric feelings
associated with Cannabis use. Some data suggest that this effect could be
beneficial in the treatment of depression, but further studies are needed to clarify

the role of the cannabinoid system in the neurobiology of this pathology. Since
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CB, receptors are not present in the brain region responsible for respiratory and
cardiovascular functions, cannabinoid consumption cannot be associated to an
increased risk of respiratory or cardiovascular failures, as happens for opiates.
Inhibition of gastrointestinal activity has been observed after administration of A’-
THC (6), or of anandamide (20). This effect has been assumed to be CB;-
mediated: the location of CB; receptors in cholinergic nerve terminals of the
gastrointestinal tract accounts for the THC-induced inhibition of digestive-tract
motility, whereas the presence of CB, receptors in the brainstem is responsible of
the THC-induced inhibition of emesis. The antiemetic effect of A’*-THC (6) has
been well established and proposed for treatment of chemotherapy-induced
emesis**, in combination with new generation antiemetic drugs.

Many studies have reported that A°-THC (6) has a stimulatory effect on appetite
and food intake, which can be co-adjuvant in cancer anorexia.” In 1992, FDA
approved the use of A’-THC (6) to stimulate appetite in AIDS patients suffering
from wasting syndrome. This effect could be mediated both by CB; receptors
present in CNS or in nerve terminals and adipocytes.

Noteworthy, CB, receptors are highly expressed in some cells of the immune
system and they are believed to play a role in the immune cell function, thus
providing a rationale to the immunomodulatory properties of A*-THC* (6). In
addition, CB, receptor is suspected to mediate neuroinflammation,
atherosclerosis, and bone remodelling.45 The localization of both CB; and CB; on
adipocytes, where their activation appears to stimulate lipogenesis, is particularly
interesting and may have a clinical utility.*

Most likely, the single most important potential therapeutic effect associated to
the interaction with CB receptors is the analgesic effect, due to the role of CB;
receptors in the transmission of nociceptive information in several key tissues. A’-
THC (6) has been estimated to be as potent as morphine in blocking nociceptive
stimuli in many animal models,*” and, moreover, it can act synergistically with
opioid-receptor agonists. Many studies are now aimed at establishing the

beneficial effects of a concomitant administration of these drugs.
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2.3. CANNABIOXEPANE, A NOVEL TETRACICLIC
CANNABINOID FROM HEMP, CANNABIS SATIVA L.

2.3.1. An ancient plant

C. sativa L. is, arguably, the oldest plant domesticated by man, but its millenary
history, crossing most of the human civilization, has always been accompanied by
controversy and harsh contrasts. The
geographical origin of Cannabis 1is
probably Central Asia (Kazakhstan,
Western China, and the Russian Far
East), where also hop (Humus lupulus
L.), its only botanical relative,
originated*®. The first known record of
its use as a medicine was published in
China 5000 years ago during the reign
of the Emperor Chen Nung. Another
important ~ written  description  of
Cannabis use dates back to 2350 B.C.
on a stone of the Egyptian Old Kingdom
in Memphis, at the end of the Fifth

SR s sair 00 fanf.

Dynasty.”” A number of Egyptian

papyri reporting Cannabis prescriptions (mainly as anti-inflammatory and
antimicrobial agent) have been found and dated several centuries B.C. In Islamic
countries the resin of Cannabis plants was better known as hashish, or shadanaj
(literally, the royal grain) and widely used for its medical attributes, mainly in the
treatment of pain. The name marijuana refers to the flowers and subtending leaves
and stalks of mature pistillate of female plants.

As for the Western countries, the first detailed descriptions of the psychotropic
variety of hemp dates to the Renaissance. Prosper Alpinus, a Venetian botanist,
associated these properties to an Egyptian origin, a view long maintained in the
botanical literature. The first impact in Europe occurred after the Napoleon
invasion of Egypt. Important members of the French artistic community

(Baudelaire, Honore” de Balzac, Alexandre Dumas, and Gustave Flaubert) under
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the name “Club des Hashichins” (Hashish Club) met monthly in an old mansion
in Paris.”

Both the fiber and the psychoactive strains became used and investigated but,
while opiate alkaloids were isolated early in the 19th century, the identification,
isolation, and synthesis of A’-THC (6) was not achieved until 1964.'
Investigations on the mechanisms of the psychotropic action of A’-THC yielded to
the discovery of the cannabinoid protein receptor family in 1988 and their cloning
in early 1990s,”* and the discovery of its endogenous ligand anandamide (the
parent compound of the family of endocannabinoids) in 1992.%° The last two
decades of the twentieth century and the first decade of the present century can be
indicated as the “cannabis Renaissance” due to the exceptional blooming of
research on Cannabis and its metabolites. Although the clinical translation of this
research activity is still limited, the recent approval (in Canada, UK and Spain, for
symptomatic treatment of multiple sclerosis) of Sativex,”™ a mixture of natural
cannabinoids, constitutes a strong hope for the future. Cultivation and use of
psychotropic Cannabis, even for medicinal purposes, is illegal in many countries

due to the potentially harmful acute and short-lasting effects of this drug.

Cannabis is a genus of flowering plants that includes three putative species,
Cannabis sativa, Cannabis indica, and Cannabis ruderalis. These three taxa are
indigenous to Central Asia, and South Asia. Cannabis 1s an annual, dioecious,
flowering herb. The leaves are palmately compound or digitate, with serrate
leaflets. Cannabis normally has imperfect flowers, with staminate "male" and
pistillate "female" flowers occurring on separate plants. The genus Cannabis was
formerly placed in the Nettle (Urticaceae) or Mulberry (Moraceae) family, and
later, along with hops (Humulus sp.), in a separate family, the hemp family
(Cannabaceae sensu stricto). Recent phylogenetic studies based on cpDNA
restriction site analysis and gene sequencing strongly suggest that the
Cannabaceae sensu stricto arose from within the former Celtidaceae family, and
that the two families should be merged to form a single monophyletic family,
the Cannabaceae sensu lato.””> Basically, two types of Cannabis have been

described, and classified as species, subspecies, or varieties:

= plants cultivated for fiber and seed production, described as low-

intoxicant, non-drug, or fiber types.
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= plants cultivated for drug production, described as high-intoxicant or drug

types.

The phytochemistry of C. sativa has been thoroughly investigated, and several
hundred compounds, often structurally unique, have been isolated from this plant,
whose phytochemical profligacy is testified by the presence of alkaloids, fatty
acids and esters, terpenoids, quinones, flavonoids, stilbenoids, and, above all,
cannabinoids.’® Despite all these studies, structural diversity within cannabinoids
is far from having been exhaustedly unravelled, as shown by the recent discovery
of cannabimovone (CBM, 8).° This CBD analogue shows a unique resorcinyl
abeo-menthane structure, and was isolated from an Italian fibre hemp derived
from the historical cultivar Carmagnola.®® During my Ph.D. studies, I have
investigated the relatively apolar fractions from an extract of this plant and
isolated  five  stilbenoids  (24-28), including the new  spirane
isocannabispiradienone (28), and a novel bis-oxygen bridged diphenyl-type

cannabinoid, which we have named cannabioxepane (29, CBX).

2.3.2. Extraction, isolation and structure elucidation

Dried female flowerheads of C. sativa were extracted with acetone at room temp.
Removal of the solvent left a gummy residue that was partitioned between 1:1
aqueous methanol and petroleum ether. The defatted polar phase was then
concentrated and extracted with CH,Cl,. The organic phase was dried (Na,SOj)
and evaporated to afford a black gum, that was purified by flash chromatography
on RP-18 silica gel (Biotage equipment). Repeated purification of the obtained
fractions by gravity column chromatography on silica gel (petroleum ether-EtOAc
mixtures) followed by HPLC yielded to the isolation of cannabispirane (24),”> p-
cannabispiranol (25),’® a-cannabispiranol (26),”’ cannabispiradienone (27),>* and
two new compounds, isocannabispiradienone (28) and cannabioxepane (29) (Fig.

2.12).
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Figure 2.12. The six phenolic compounds isolated from Cannabis sativa L.,
including the new isocannabispiradienone (28) and cannabioxepane (29)

Two polyunsaturated fatty W/\/\/\COOH
acids were also obtained, OH 30

namely 125-hydroxy- OH

9Z,13E,15Z- N e COOH

octadecatrienoic acid (30)
and 16R-hydroxy-
97,127 ,14E-octadecatrienoic acid (31). The known compounds 24-27 were

31

identified by comparison of their spectral data with those reported in the

literature.>>>

The fatty acids 30 and 31 have been recently obtained as methyl
esters from Swertia japonica (Gentianaceae),”’ but had never been reported form
C. sativa.

Isocannabispiradienone (28) has the molecular formula C;sH;40; (by HR-
ESIMS), indicative of nine uns