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LIST OF ABBREVIATION S

CBN = cannabinol

CBD = cannabidiol

ECS = Endocannabinoid System

. -THC =, °-tetrahydrocannabinol
CBG = cannabigerol

CBC = cannabichromene

FM2 = medicinal Cannabisvariety

OA = olivetolic acid

PKSs = polyketide synthases

LOX = lipoxygenase

HPL = hydroperoxide lyase

AAE = acylactivating enzyme
CsHCS1 or CsAAEL1 = Cannabissativa
hexanoyl -CoA synthase 1

CsHCS2 or CsAAE2 = Cannabissativa
hexanoyl -CoA synthase 2

OLS/TKS = olivetol
synthasel/tetraketide synthase

OAC = olivetolic acid cyclase

GPP = geranyl diphosphate

IPP = isoprenoid isopentyl
diphosphate

DMAPP = dimethylallyl diphosphate

MEP = methylerythritol phosphate

MEV = mevalonate

FPP= farnesyl diphosphate

NPP = neryl diphosphate
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geranyldiphosphate:olivetolate -
geranyltransferase

aPT = aromatic prenyltransferases
family

CBGA = cannabigerolic acid

CBNRA = cannabinerolic acid

CBGVA = cannabigerovarinic acid

_ -THCA 4 w %

tetrahydrocannabinolic acid

CBDA = cannabidiolic acid

CBCA = cannabichromenic acid
THCAS = tetrahydrocannabinolic
acid synthase

CBDAS = cannabidiolic acid synthase
CBCAS = cannabichromenic acid
synthase

ER = endoplasmic reticulum

BSTFA =N,O-
bis(trimethylsilyl)trifluoroacetamide

TMCS = trimethylchlorosilane



CYP = cytochrome P450

11-hydroxy - °-THC = 1ZXhydroxy -
Netrahydrocannabinol

. -THC-COOH = 1Znor-9-carboxy-
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CNS = nervous central system
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ethanolamide

2-AG = 2arachidonoyl glycerol

NAPE = N-arachidonoyl

phosphatidyl ethanolamine

DAGs = diacylglycerols

FAAH = fatty acid amide hydrolase

MAGL = monoacylglycerol

lipaseCOX = cyclooxygenase

TRPV = transient receptor potential

vanniloid

GlyRs = glycine receptors

PPAR = peroxisome proliferator -

activated receptors

RXR = retinoid X receptor

PPREs = peroxisome proliferator

hormone response elements

Bachl= BTB and CNC homology

MARESs = Maf recognition elements

Nfr2 = nuclear factor erythroid-
derived 2-like2

Keapl = Kelch-like ECH -associated
protein 1

CBDQ = cannabidiolquinone

DMP = DessMartin periodinane

IBX = 2iodoxybenzoic acid

SIBX = stabilized 2-iodoxybenzoic
acid

BTIB =
bis(trifluoroacetoxy)iodobenzene
PIFA = phenyliodine
(lINbis(trifluoroacetate)

BBB = blood-brain barrier
DMH = dimethylheptyl



PREFACE
Cannabis sativd.. has been definedEw ? O1 1 O1 EUIl EwxT EUOEEOO

U U O i bioactive compounds (Mechoulam, 2005). As many as 538 secondary
metabolites were already mentioned in a review published in 2005 (EISohly M. A.,
2005), and their number has significantly increased over the past decades due a
renewed interest in this plant. Table 1 presents abiogenetical classification of the
secondary metabolites isolated from C. sativaaccording to the 2005 inventory. Except
for cannabinoids, whose inventory has now reached 150 members,updated data on
compounds from the other classes are not avalable. Despite this limitation , the
diversity of the constituents is remarkable, and many of them are unique to C. sativa
Remarkably, the biological profile of most of them is still unknown. The troubled and
controversial history of C. sativaand the regulatory comp lications associated, until
recently, even to the study to its non-narcotic constituents are responsible for this

discouraging state (Russo, 2007) (Andre C.M., 2016).

The hallmark secondary metabolites of C. sativaare the phytocannabinoids, a class of
meroterpenoids that, on account of the recent additions to their inventory, now
represent its most diverse class of constituents (Hazekamp A, 2010).The aim of this
thesis is to contribute to fill the gap between the growing inventory of

phytocannabinoids and our meagre knowledge on their chemistry and bioactivity.



COMPOUND CLASS COMPOUNDS IDENTIFIED

Terpenes >120
Phytocannabinoids >70
Hydrocarbons 50
Sugars and relatedompounds 34
Nitrogenous compounds 27
Non-cannabinoid phenols 25
Flavonoids 23
Fatty acids 22
Simple acids 21
Amino acids 18
Smple ketones 13
Simple esters and lactones 13
Simple aldehydes 12
Proteins, glycoproteins, and enzymes 11
Steroids 11
Elements 9
Simple alcohols 7
Pigments 2
Vitamin 1 (vitamin K)

TABLE 1 CLASSIFICATION OF ALL CHEMICALS IDENTIFIED IN C. SATIVA (AS OF 2005)
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Introduction~ 1. Phytocannabinoids

1. PHYTOCANNABINOIDS

The first phytocannabinoid isolated was cannabino{CBN, 1), obtained as a crystalline
acetate by Wood, Spivey and Easterfield at Cambridge University in 1898. The gross
structure of this compound was elucidated by Cahn in the Thirties of the past century
(see Paragraph4.1), with its complete structure eventually clarified in the following
decade by Adams at lllinois University and Todd at Manchester (A ppendino, 2020).
Cannabinol is an artefact formed from the oxidative degradation of menthyl -type
phytocannabinoids, and the first allegedly native phytocannabinoid to be
structurally elucidated, except for the location of its endocyclic double bond, was
cannabidiol (CBD, 2). In the mid -Fifties of the past century, it was discovered that
cannabinoids occur in C. sativain a carboxylated form (pre-cannabinoidsor acidic
cannabinoids3) (Santavy & Krejci, 1955). The structure of CBD and the identification
of the narcotic constituent of the plant were reported by Mechoulam at Jerusalem

University in the early Sixities. (Figure 1)

(0] O ::\HO ::\HO

Cannabinol (CBN) Cannabidiol (CBD) Cannabidiolic acid (CBDA)

FIGURE 1 CHEMICAL STRUCTURES OF CBD AND CBDA.

Many issues regarding C. sativaare controversial and ambiguous, even the name
cannabinoid, whose useto refer to the hallmark phytochemicals of C. sativacan now
generate confusion. In the 90s when specific receptors for these compounds were

identified, the word lost its phytochemica | and structurally -based meaning, being
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used now to refer to structurally diverse compounds sharing the capability to bind
the cannabinoid receptors or modulate the Endocannabinoid System (ECS) just like
the term opioid is now used for any compounds mimic king the activity of the opium
alkaloid morphine. To avoid this confusion, the name phytocannabinoiavill be used
throughout the thesis to refer to the native constituents of C. sativa The name
cannabinoidwill be reserved to the synthetic or semi-synthetic compounds whose
structure mimic the one of phytocannabinoids, while the term endocannabinoidill

be used for the endogenous biological analogues of theC. sativaconstituents.

1.1 STRUCTURAL DIVERSITY

From a biogenetic standpoint, phytocannabinoids are hybrid compounds, derived
from the merging of the mevalonate and polyketides pathways. All
phytocannabinoids share aresorcinyl core decorated with paraorientated isoprenyl

residues and an alkyl side chain. (Figure 2)

Isoprenyl residue . .
OH Resorcinyl moiety

N

HO R

\

Alkyl side-chain

FIGURE 2 STRUCTURAL MOIETIES OF A GENERAL PHYTOCANNABINOID

Both the isoprenoid and the polyketide pathways are modular (Hanus & al., 2016),
and this modularity represents the major diversification strategy used by the plant
to diversify its phytocannabinoid prof ile, complemented by the oxidative and

alkylative modifications of the resorcinyl core.
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1.1.1 |SOPRENYL RESIDUE DIVERSITY

OH OH
S N X N
HO R HO R
4 5
Deprenyl phytocannabinoids Sesquiterpenyl phytocannabinoids
OH
2
Alkyl side-chain
HO R

| R=

Aralkyl side-chain
6

Terpenyl phytocannabinoids

FIGURE 3 GENERICAL CHEMICAL STRUCTURE OF C-5,C-10AND C-15ISOPRENYL PHYTOCANNABINOIDS .

The isoprenyl residue can show a different oligomerization degree. The ketidic core
is usually decorated by a C10 terpenyl moiety (terpenyl series6), but analogues
belonging to C15 sesquiterpeny{5) or C5 deprenylseries(4) have beencharacterized
both in C. sativa and in the taxonomically unrelated species that produce
phytocannabinoids (Pollastro & al, 2011) (Figure 3)

Based on the connectivity of the isoprenyl moiety, phytocannabinoids can be

classified in nine different type. (Scheme 1)
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a a
C-C bond OH
formation Aromatization
T —
HO R HO R

Cannabigerol (CBG)-type

8

Cannabidiol (CBD)-type Cannabinodiol type

C-0 bond C-O bond
formation formation
b OH b o) b O o
)\/\m
0P ®
HO R HO R
10 1 12
Cannabichromene (CBC)-type Cannabielsoin (CBE)-type Cannabifuran (CBF)-type
C-C bond
formation

o

OH O
Aromatization

—
O R

14
Hydrocannabinol-type

Cannabicyclol (CBL)-type Cannabinol (CBN)-type

SCHEME 1 MAJOR SKELETAL TYPES OF PHYTOCANNABINOIDS . A) C-C CONNECTIVITY LINEAR (7),
MONOCYCLIC (8 AND 9) OR BICcYCLIC (13). B) C-O CONNECTIVITY FROM LINEAR PRECURSORS (10) OR
MONOCYCLIC PRECURSORS (14,11AND 12).c) AROMATIZATION (9AND 15). D) CLOSURE OF ADDITIONAL C-
BOND (13). SOURCE: (HANUS & AL.,2016)

Despite the remarkable diversity associated to the isoprenyl residue, most
phytocannabinoids have been characterized as minor or even trace constituents ofC.
sativedd ww3 T | wOOUUWEEUOEEOUwWxT aUOEEOOEEDOODE Ui
and are_ °-tetrahydrocannabinap-THC, 16), cannabidio(CBD, 2), cannabigero{CBG,

18) and cannabichromene(CBC, 17). Another albeit

major, not genuine,

phytocannabinoid is cannabino(CBN, 1). (Figure 4)
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OH
=
A

A—tetrahydrocannabinol Cannab|d|o| Cannablchromene

OH
2
| HO

18
Cannabigerol Cannabinol

16

FIGURE 4 M AJOR PHYTOCANNABINOIDS OF C. SATIVA.
1.12 ALKYL SIDE-CHAIN DIVERSITY

The phytocannabinoids in C. sativashow an alkyl side -chain with an odd number of
carbons, generally a n-pentyl side-chain (olivetoids 19), or less commonly, methyl
chain (orcinoids 21), n-propyl chain ( varinoids,20) and n-heptyl chain (phoroloids22).
(Figure 5) While the varinoids are fairly frequent, the orcinoids are much more
prevalent in Rhododendrospeciesand the phoroloids were isolated only in a specific
Cannabisvariety (Citti & al., 2019). Compounds with an even number of carbons (23
& 24), although very rare, have been recently isolated ¢ as trace constituentst from
FM2 variety (Citti & al, 2019) (Linciano & al., 2020). (Figure 5)

The odd-numbered alkyl phytocannabinoids are derived from an acetate ketide
started, while compounds with an alkyl chain with an even number of carbons are
presumably derived from a propionate starter . Modification in the alkyl side chain
are not the result of modifications associated to mold contamination (Kajima, 1982)
(Robertson & al., 1975) Phytocannabinoids characterized by an aromatic ketide
moiety are named aralkyl phytocannabinoi@25, 26 & 27) and are also known in the

literature as prenylated bibenzyl@Hanus & al., 2016) (Pollastro & al., 2017 (Figure 5)

7
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Compounds of this type do not occur in C. sativa but have been isolated from both
higher (Helichrysum, Amorpha, Glycyrrhizand other genera) and lower (liverworts

from the Radulagenus) plants (Fuhr & al., 2015) (Pollastro & al., 2017)

ALKYL PHYTOCANNABINOIDS

OH OH OH OH
Pj@\/\/\ P: it . Pj@\/\ Pj@\/\/\/\
HO HO HO HO
19 20 21 22
OH OH
Pj@\/\/ Pj@\/\/\/
HO HO
23 24

ARALKYL PHYTOCANNABINOIDS

25

Cannabino-bibenzyls Cannabino-stilbenes Cannabino-benzofurans

P = generic isoprenyl residue

FIGURE 5 ALKYL AND ARALKYL PHYTOCANNABINOID SERIES . SOURCE: (HANUS & AL.,2016)

1.1.3 RESORCINYL MOIETY DIVERSITY

The most important modification of the resorcinyl moiety is carboxylation since the

native form of phytocannabinoids is the carboxylated one. When both phenolic
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hydroxyls are free, only one carboxylated form is possible, as exemplified by CBGA
(30). (Figure 6)

Conversely, two isomeric forms can exist when one of the two oxygen atoms is
alkylated, and the resorcinyl core has lost its symmetry plane. The two forms (31 &
32) have been isolated for 9-THC and showed very different thermal stability.
(Figure 6)

The A-form (28), with an intramolecularly H -bonded carboxyl was easily
decarboxylated, while the B-form (29) was thermally stable (Shani & and
Mechoulam, 1974). Remarkably, only one form was isolated for CBC, probably due
to its tautomeric equilibrium in which type -1 pre-cannabinoid is favoured by the H -

bond between the phenolic hydroxyl and the carboxylic acid. (see Subsectior3.1)

A=B
28 29
Type 1 pre-cannabinoids Type 1 pre-cannabinoids
OH O OH OH O OH
OH — OH #
HO R HO R (0] R (6] R
O OH O OH
30 31 32
Cannabigerol (CBG)-type Hydrocannabinol -type

FIGURE 6 PLANE OF SYMMETRY IN A GENERIC PHYTOCANNABINOID SKELETON WITH A SINGLE BOND BETWEEN
THE ISOPRENYL MOIETY AND THE AROMATIC CORE . (SX) ISOMER TYPE 1 (28) AND TYPE 2 (29) OF PRE
CANN ABINOIDS . (DX) SouRCE: (HANUS & AL., 2016)
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In the living plant decarboxylation is slow, but after harvesting it undergoes
acceleration, promoted by light exposure and heat (Wang & al., 2016) The
mechanism of the light-promotion is unclear.

Two additional modifications of the resorcinyl core have been reported, namely O-
methylation and oxidation to quinoid forms

O-Methylation has been documented on phytocannabinoids having two free
hydroxyls . (Figure 7)

These compounds are also easily oxidized to quinoid forms, prone to dimerization.
Monomethylated forms have been reported for the n-pentyl- and shorter versions of
CBD and CBG, while only two cannabinoquinoids have been isolated, also on

account of the instability of this type of compounds.

(6]
A
| HO
33 34 35
O-methyl CBG O-methyl CBD O-propyl CBD
o]
NS S
HO

o
37

Acetylcannabigerolquinol Cannabigeroquinone

FIGURE 7 SOME EXAMPLES OF O-ALKYL PHYTOCANNABINOIDS AND QUINOIDS ANALOGUES ISOLATED FROM
C. SATIVA. SOURCE: (TATSUO & AL., 1968)(SHOYAMA , 1972)(HENDRIKS & AL., 1978)(RADWAN & AL., 2008
(HusNI & AL.,2014)

10
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Based on the topological relationships between the isoprenyl residue and the side-

chain, phytocannabinoids cab be sorted out in compounds from the normalseries 38

(pararesorcinyl substitution ), and the abnormalone 39 (ortha-resorcinyl substitution ).

(Figure 8)

OH

HO R
38

Normal series
para-orientated

OH
P
P = generic isoprenyl
HO R residue
39 R = alkyl side-chain,

rarely aralkyl side-chain

Abnormal series
ortho-orientated

FIGURE 8 GENERAL STRUCTURE OF NORMAL AND ABNORMAL SERIES OF PHYTOCANNABINOIDS

(HANUS & AL.,2016)

11
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Introduction~ 2. Biosynthesis

2. THE BIOSYNTHESIS OF PHYTOCANNABINOIDS
2.1CELLULAR LOCALIZATION

Phytocannabinoids are synthesized in specialized cells, which form the head of
secretory structures (trichome$ that are common in plants, but whose morphology
(Wagner, 1991) and contents (Dayanandan, 1976) are highly differentiated. The role
of trichomes is not precisely know. They presumably protect plants from different
stress, both physical [hydric (reduction of transpiration), thermal(freeze resistance),
luminous (light reflectance)] and biological (herbivores and insects deterrence
(Hartsel J.A., 2016) (Clarke R., 1981) (Krings M., 2002)A specialized class of
trichomes, the glandular trichomes accumulate sticky resins containing compounds
for predators (Hulskamp, 2004) (Taura F. S., 2007).C. sativacontains different types
of trichomes (Table 1). The nonglandulartrichomes cover all the surface of the plant
and are not involved in cannabinoids and terpenoids accumulation. Both of
staminate (male) and pistillate (female) plants present three types of glandular
trichomes, namely bulbous capitatesessil@and capitatestalkedHappyana, 2013). Their
main location are inflorescences, on bracts and new leaves, near each apical tip
(Kimura, 1970) (Steinberg, 1975) and a small amount on stems. Roots and seeds have
no trichomes and therefore lack cannabinoids, whose only site of storage is
represented by glandular trichomes

(Figure 9).

FIGURE 9 DISTRIBUTION OF PHYTOCANNABINOIDS IN PLANT

12
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Trichomes
Classification Structure Distribution Timing of
development
Nonglandular trichomes 1) Noncystolithic trichomes: Lower side of vegetative Decrease with age
long, unicellular hair-like leaves and pistillate bracts

appendages, highly silicified

2) Cystolithic trichomes : short
hairs (from 15G M to 220t M),
more squat, unicellular, claw
shape, ¢ontaining calcium
carbonate

Glandular trichomes 1) Bulbous: with smallest gland | Vegetative leaves and
pistillate bracts

2) Capitate-sessile the
structure s simple, and the
trichomes head connected
directly to the mesopfil cells

3) Capitate-stalked: the

structure more complex, they )
developed resin headhey are | Bracts and floral leaves Increase with age
identifiable by mushroortike
stalk and head appearance

. . . Large size, with a diameter of | Underside of the anther
Antherial sessile trichomes | approximately 7680 pm lobes

TABLE 1 CANNABIS TRICHOMES TYPES . SOURCE: ADAPTED FROM (FARAG S.,2017)(DAYANANDAN , 1976)

Male plants bear fewer glandular trichomes than female ones and, therefore, produce
lower amounts of cannabinoids and terpenes (Farag S., 2017). Despite this, a specific
male glandular trichome has been found on the anthers (Fairbairn, 1972, referred to
as antherial sessiletrichome. All glandular trichomes synthesize and store
cannabinoids, but their capacity to store them varies considerably (Mahlberg P.G.,
2004). The small bulbous trichomes lack cannabinoids (Hartsel J.A., 2016), that are
primarily stor ed in the capitate-sessile and capitatestalked trichomes. The first ones
produce cannabinoids during all plant life cycle, but in lower levels compared to the

latter, which probably arises from the capitate -sessile form. As matter of fact, the
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Introduction~ 2. Biosynthesis

capitate-stalked form shows an additional stipe that sustains a hemispherical head.

Both types have a globose top, like a mushroom head (Dayanandan, 1976), composed

of two fundamental portions: 1) disc cellsand 2) secretory cavity

The disc cellsare originated by an enlargement and a subsequent division of a single

epidermal cell (Mahlberg P.G., 2004) in eight cells (capitatesessile) or twelve or

sixteen cells (capitate stalked) (Livingston, 2020). Thesecretory cavitys a honcellular

dome that raises above thedisc cellsThis is an intrawall space since it is included

EIl Upl 1 OwUT 1T WEEUEOWET OOUwPEOOWE OF wuticleITkeOU U1 U
dimensions of the cavity enlarge as secretory
vesicles are stored in it (Livingston, 2020
(Mahlberg P.G., 2M04). (Figure 10)

The biosynthetic pathway of
phytocannabinoids in Cannabisis complex,
but has been largely clarified (Stout, 2012)
(Gagne, 2012) (Luo, 2019). It takes place at

different cell types and organelles, since it

involves many biosynthetic steps, N EaForBRACT

FIGURE 10 GRAPHIC REPRESENTATION OF A
CAPITATE -STALKED GLAND . ER, ENDOPLASMIC
polyketide precursor (mostly olivetoic acid RETICULUM | P, PLASTID; V, VESICLE; S,

SECRETORY CAVITY; E, CUTICLE. SOURCE:
OA) with the isoprenyl one (mostly geranyl ADAPTED FROM (MAHLBERGP.G.,2004)

culminating with the condensation of the

diphosphatge(Fellermeier & Zenk, 1998).

2.2ENzYMOLOGY

The biosynthesis of cannabinoids is assumed to take place directly in the anatomical
structures that store them. Olivetolic acid(40) is produced in the ketide pathway from

the Claisen condensation of the starter hexanoytCoA with three malonyl -CoA
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molecules, generating a tetraketide-CoA that eventually aromatized via
intramolecular crotoni zation (Fellermeier M. e., 2001) (Rahajo, 2004). This
biosynthetic pathway is catalysed by specific polyketide synthases (PKSs) and takes
place in cytosol of disc cells (Giilck, 2020). The starterhexanoic acids most likely
produced by the degradation of palmitic acid or a C18 unsaturated fatty acid (Stout,
2012). This view is supported by the high desaturaselipoxygenase(LOX), and
hydroperoxidelyase (HPL) activity of glandular trichomes (Livingston, 2020).
Hexanoic acid is activated by conversion into hexanoyl-CoA by a specific acyt
activating enzyme(AAE) (Stout, 2012). Two types of these enzymes have been
identified, Cannabis sativa hexane@oA synthase {CsHCS1 a CsAAE1) and Cannabis
sativa hexanoyCoA synthase 2CsHCS2 a CsAAE?2), with CSAAEL surely involved

in this pathway due to its high concentration in trichomes, its high affinity for short -
chain fatty acids and its location in cytosol (Hazekamp A, 2010). Malonyl -CoA derive
from acetyl-CoA by the action of acety}CoA carboxylas which catalyses this specific
ATP-dependent carboxylation (Chen, 2011). The PKSolivetol synthase/tetraketide
synthase(OLS/TKS) and olivetolic acid cyclase (OAC) catalyse the formation of
tetraketide -CoA intermediate and then the C2-C7 intramolecular aldol condensation,
leading to OA (Taura F. e., 2009) (Gagne, 2012). The existence of additional ketide
synthases has been demonstrated (Kajima, 1982): they use different starters, acetyl
CoA or butanoyl -CoA (Valliere, 2019) (Luo, 2019) and are responsiblefor the
(divarinolic acid 41) or one carbons @rcinolic acid42) (Hanus et al. 2016).(Figure 11)
The biosynthesis of phytocannabinoids with an even number of carbons is unclear,
but they could originate from a starter having an odd number of carbons, like

propionic or valeric acid.
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OH O OH O OH O
HO HO HO
40 41 42
Olivetolic acid Divarinolic acid Orcinoic acid

FIGURE 11 CHEMICAL STRUCTURE OF MAIN AROMATIC PRECURSORS OF PHYTOCANNABINOIDS

The isoprenyl moiety is the main differentiation element of phytocannabinoids, and
is synthesized from a common precursor, geranyl diphosphate (GPP), from which
also the terpenes of theessential oil derive.
Terpenoids are the major group of bioactive natural compounds of plants (Guick,
2020). InCannabismono- and sesquiterpenes and their mixtures are responsible of
x O E @agrantebut could also present some medicinal attributes due to the possible
synergy with phytocannabinoids, for which , however, no proof has been presented
so far. Monoterpenes are produced in chloroplasts (plastids), while sesquiterpenes
are synthesized in cytosol, and are eventually stored in the extracellular cavity as
vesicles (Mahlberg P.G., 2004). The biosynthetic pathway ofCannabisisoprenoids
provides two steps common for both of phytocannabinoids and terpenes:
1. Production of intermediates, as C5 isoprenoid isopentyl diphosphdteP) and
dimethylallyl diphosphat¢DMAPP), by the plastidial methylerythritol phosphate
(MEP) pathway or the cytosolic mevalonat¢MEV) pathway.
2. Condensation between IPP and DMAPP units by different prenyltransferases
to provide elongated isoprenoid diphosphate, like GPP or far nesyl

diphosphate (FPP).

At this point, two different pathways could be followed
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1. Mono- and sesquiterpenesoriginate by dephosphorylation and subsequent
rearrangement of GPP or FPP give acyclic or cyclic terpenoids (terpenes and
sesquiterpenes) (Scheme2)

2. Phytocannabinoids originate by Friedel-Craft isoprenylation of resorcinyl

aromatics. (Scheme 23

OH O
OH
CsHyq

I-0

OPP- H*
SCHEME 2 TWO ALTERNATIVES PATHWAYS FOR  GPP. SOURCE: ADAPTED FROM (BOOTH, 2020)

From a mechanistic standpoint, the phytocannabinoids pathway can be considered
a modification of the classic terpenoid biosynthesis, where the allyl cation generated
by ionization of an allyl phosphate is trapped by an activated aromatic , before its

rearrangement or intramolecular trapping (Clarke R. a., 2013). (Figure 12)

17



Introduction~ 2. Biosynthesis

§-Carbon
building blocks

o e

g B

FIGURE 12 SOME POSSIBLE DESTINIES OF |IPP AND DMAPP AFTER CONDENSATION IN  C. SATIVA. SOURCE:
ADAPTED FROM (BOOTH, 2020)

In chloroplasts, IPP and DMAPP are obtained via MEP pathway (98%) from

pyruvate and glyceraldehyde -3-phosphate (Fellermeier M. e., 2001) and their head-
to-tail condensation is assisted by two forms of the same enzyme, referred to as
geranyl diphosphate sthaseand neryl diphosphate syntha@®urke, 1999). However, the
major product is geranyl diphosphatg43) rather than neryl diphosphatgNPP, 44).

(Figure 13)
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-"opp X
43 a4

Geranyl diphosphate Neryl diphosphate

FIGURE 13 PRINCIPAL TERPENYL MOIETY PRECURSORS IN PHYTOCANNABINOIDS BIOSYNTHESIS

The resorcinyl moiety is prenylated by a specific enzyme, referred to as
geranyldiphosphate:olivetolageranyltransferaséGOT = CBGAS) (Fellermeier & Zenk,
1998). GOT belongs to the transmembranearomatic prenyltransferases famifgPT),
shows a Mg?-dependent enzymatic activity, and is located into the plastidial wall ;
however, it is not known on which plastidial membrane GOT is present (external,
internal, tiliacoidal), and especially if its active site faces the inside or outside of the
membrane (Glilck, 2020).

The aromatic binding site of GOT is promiscuous, accepting not only OA, but also
divarinic/orcinolic acids as well as naringenin, phlorisovalerophenonand resveratrol
(Page, 2012)On the other hand, the isoprenyl binding site accepts only GPP and NPP
as prenyl donors. The CBGA/cisCBGA is usually 2:1, but it changes to 1:1 when
CBGAS uses NPP instead of GPP.

Cannabigertic acid (CBGA, 45) is the main meroterpenoid synthetised by GOT in
trichomes. Cannabinerolic acifCBNRA) and cannabigerovarinic acigCBGVA), are
produced in a similar way (Dagenhardt & al., 2017) . (Scheme 4)

Despite its promiscuous activity, GOT shows, however, a minor affinity for these
resorcinolic acid homologs of OA (Luo, et al., 2019) (Scheme4)

CBGA is the central precursor of all other acidic phytocannabinoids ( °-THCA 48,
CBDA 47 and CBCA 46) (Fellermeier & Zenk, 1998) Since CBGA has the lowest
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oxidation degree for the isoprenyl moiety, it was suggested being the common

precursor by Mechoulam already in 1964 (Gaoni & al., 1964)

The other phytocannabinoids are derived from the oxidative cyclization of CBGA
carried out by specific cyclases, also called THCAS, CBDAS and CBCAS(Scheme 3)
These enzymes are cytoplasmatic, and located in the ER (Booth, 2020)naking it
possible accumulation in secretory cavities. All these enzymes are FAD-dependent,
and their products are toxic to plant cells, even from Cannabis highlighting the
relevance of accumulation in specific vesicles (Sirikantaramas, 2005). Furthermore,
the oxidative cyclases require molecular oxygen for their activity, and generates
hydrogen peroxide, a compound toxic to plant cells (Sirikantaramas, 2004). An
electrophilic cyclization is responsible for the formation of the cyclohexene ring of
"1 # wWEXTH®A (Hanus & al., 2016).

The corresponding intermediate shows a C-8 cation (p-menthane numbering) whose
behaviour depends on the nature of the active site of the cyclase: in CBDAS the
enzyme works as a Broensted base, accepting a proton from &9, with formation of a
double bond. Conversely, in THCAS termination takes place by trapping of the C -8
cation by one the orthophenolic hydroxyls, leading, in principle , to a pair of isomers
C.sativOwUT T wi O04a o0l wéDHCA wi(Shdydmd & &l.] 2005) (Scheme 3)
CBCA results instead from an electrocyclic cyclization (Morimoto & al., 1998).

The pivot of this alternative oxygen -independent pathway is the generation of a

guinonemethidefrom the isomerised benzallyl cation (Scheme 3) (Hanus & al., 2016)
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Unlike CBDA and THC which are chiral products with a transabsolute configuration
@8 EOUE Y n O uAhigNdcaiedi©. Ui 7s Indt known if racemization occurs during

decarboxylation, and the optical purity of CBCA is unknown.

Ox Ox
w (' OH w(n OH OH OH
N COOH N ‘\ COOH N COOH = COOH
= — > o h — -
‘ HO CsHyq ] o CsHyq o] CsHyq o CsHyq
H
45

Hydride 46
Abstraction

CBGA CBCA

!

l A°-THCA A

a
b
OH

CsHs
COOH

49

A°-THCA B

SCHEME 3 BIOSYNTHETIC PATHWAY OF THE MAJOR PHYTOCANNABINOIDS . SOURCE: (HANUS & AL., 2016)
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Introduction~ 3. Chemotype Diversity

3. THE CHEMOTYPE DIVERSITY OF C. SATIVA

Phytocannabinoids are the hallmark of C. sativg but their profile of occurrence is
highly variable, and this has been proposed as a taxonomic criterium to classify the
diversity of the plant. A first system is based on the ratio between the narcotic
compoU O EXTHC and its non-narcotic analogue CBD. The, °-THC-rich and CBD-
poorUx 1T EDOI OUwWEUI wE-0& ¥WU®DBP E BBD-pnodrand OB Dwich
EUI wEOEUUDP-UBA K E wh g S.NID@BEIYdon J. a., 1987), a classification
that goes beyond morphological features (Meijer & Keizer, 1996). Two well-known
taxonomic classification use phytocannabinoids as a discriminant criterion:

1. uUP OT wIHC:QBD ratio, Small and Cronquist (1976) identified a single
species C. satival.), declined in two subspecies (sativaand indica), with each
subspecies having two varieties (wild and domesticated)

2. Hilling and Mahlberg (2004) identified two distinct species ( C. sativaand C.
indica), with the terms sativaand indicahaving a different meaning from the
previous taxonomic systems (Small & Cronquist, 1976) (Anderson, 1980)

(Schultes & al., 1974)

Genetically speaking, the alleles Br- and Bo code for the transcription of the cyclases
that generate THC and CBD, respectively, and are characterized by cedominance.
There has also been an intense and artificial human selection through ages, and it is
guestionable is really spontaneous hemp plant exist nowadays. Genes for the
production of phytocan nabinoid are inherited independently from those governing
plant morpholog y. For these reasons, a taxonomic classification solely based on
phytocannabinoids seems to be improper (de Meijer E., 2014)

To phytocannabinoid profile of C. satim can be assessedusing various

chromatographic techniques:
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9 High-Performance Liquid Chromatographf$HPLC) is the ideal method to
guantify the native phytocannabinoids profile of a plant before
decarboxylation. This analysis is the only one that can identify pre-
cannabinoids without derivatization and avoiding their decarboxylation. The
total amount of phytocannabinoids in a sample is the sum of the

concentrations of neutral and acidic phytocannabinoids. (Figure 14)

IPDA Mult; |

P B p——— T
26

A
>
-
<

=

nun

FIGURE 14 EXEMPLIFICATIVE HPLC CHROMATOGRAM OF A MIXTURE OF PHYTOCANNABINOIDS .LEGEND: A),
CBDA; B), CBGA; C) CBG, D) CBD; E),, ®-THCV; F) CBN; G), . --THC; H), . 8-THC; I) CBL; J) CBC, K)
THCAA.. SOURCE: ADAPTED FROM (GUL & AL., 2015)

1 Gas Chromatograph§sC) is the more popular method of analysis to quantify
phytocannabinoids and the volatile terpenes of the essential oil. (Figure 16)
Due to the working temperatures, pre -cannabinoids are decarboxylated,
simplifying the phytochemical profile . In this case the total content of
phytocannabinoids in the plant sample corresponds to the neutral

phytocannabinoids amount measured by the instrument. To perform a GS
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analysis of pre-cannabinoids it is necessary protecting through silylation (51)
the phenolic hydroxyls and carboxylic residues (50) (Figure 15)

In this way, the spontaneous decarboxylation is avoided.

FIGURE 15 SILYLATION OF CARBOXYLIC MOIETY OF THCA BY N,O-
BIS(TRIMETHYLSILYL )TRIFLUOROACETAMIDE .

DE FG 1

Time (s) 100 120 140 160 180 200 220

FIGURE 16 EXEMPLIFICATIVE GC CHROMATOGRAM OF A SILYLATE PHYTOCANNABINOID MIXTURE . LEGEND:
A) CBDV-2TMS; B) CBD-2TMS; C) THCV-1TMS; D) CBG1TMS; E)CBG-2TMS; F), 8-THC-1TMS;G) . °-
THC-1TMS; H) CBDA-3TMS; I) CBN-1TMS; J). -THCA-2TMS. SOURCE: ADAPTED FROM (RIGDON, 2015)
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3.1INHERITANCE

Locus O O: resorcinolic acids formed o: not formed

n n
Locus A’- 4% - 4" A/ \‘i!’f l
X

Olivetolic Acid +(Geranyl diphosphate> + Divarinolic acid

CBGA

Locus O . : .
BT{)E X &
V o\
X
CBDA CBDVA
A’-THCA

Locus C CBCA CBCVA

FIGURE 17 PROPOSAL OF GENETIC MODEL FOR CHEMOTYPE INHERITANCE . SOURCE: ADAPTED FROM (DE M EIJEF
E.,2014)

In terms of genetic inheritance (Figure 17), the assumption is done that the various
steps of the biosynthesis of phytocannabinoids are associated to single specific alleles
combinations and loci:

1 loas O controls the synthesis of the resorcinyl moiety, with two possible
allelic modifications: a) a mutant null allele o (leading to a cannabinoid-free
chemotype in the homozygous state), and b) a wild type O (no interference).
The null allele o have shown a dominant repressive behaviour since the O/o
genotypes has a 1:10 ratio of the phytocannabinoids amount of the O/O

genotypes;
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locus Adefines the nature of the alkyl residue, namely if CBGA or CBGVA is
formed. The locus carries the alleles Aet o " (encoding for OA and
subsequently for cannabino-olivetoids) and A it ©" (encoding for divarinolic
acid and consequently for cannabino-varinoids). Since the propyl:pentyl
cannabinoid ratio is not 1:1, the codominant A alleles influence the
chemotype differently. The synthesis of CBGA or CBGVA by GOT does not
present allelism signs: the enzyme seems to be sufficiently promiscuous to
catalyse the prenylation of both resorcinyl intermediates ;

locusB regulates the oxidative cyclization of CBGA and CBGV A, leading to

C-3"'" " %THCVA (allele Bt) and CBDA/CBDVA (allele Bo) (de Meijer &

al., 2003). Since Band Bo are codominant, heterozygous specimens have
T UI EOWwEOOUOWEU wE GHCcMAOdnduCBDA/CBDVA; however,
UT 1T wUEGBGB®OUwHT w# a&THOVAICBDVA are not 1:1. Probably
the different catalytic properties of these synthase are related to sequence
modulations in Brand Bo alleles. In locus B are also located recessive and
minimally or non -functional alleles (called as Bro an Boo) that in a homologous
UUEUI wPbOEUEI wWEOWEEEUOUOEUDPOO WD "w"H &
THCVA synthesis (de Meijer & Hammond, 2005) (de Meijer E., 2014},

locusC is responsible for the oxidative electrocyclization of CBGA to CBCA
(de Meijer & al., 2009a). LocusC shows no allelism, but the CBCA/CBCVA is
highly variable within different chemotypes.

Since the CBCA contents depends on the plant lifecycle, CBCAS might
compete with THCAS, and CBDAS for CBGA only in the juvenil stage
(Morimoto & al., 1997). This hypot hesis has been demonstrated generating

morphological mutations (reduction of capitate -stalked trichomes and

28
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increase of capitatesessile ones) by modulating the PJIGT 1 O1 U8 pjc8 wb U w -

ET 1 O0U0Uax] wbhbUwOOUWPOEUEPEOT wbOWEW?pHDOE WU

3.2TAXONOMY

Depending on the expression of these alleles, chemotypes can be classified in six

broad families.

1.

2
3
4.
5
6

THCA -predominant chemotype
CBDA-predominant chemotypes (I and II)
CBGA-rich chemotype

Cannabinoid -free chemotype

CBCA:-rich chemotype

Cannabivarinoids -rich chemotype

3.2.1THCA -PREDOMINANT CHEMOTYPE

The THCA content is very high, and the CBDA/THCA ratio is obviously low

(Pacifico & al., 2006) (Table 2 & Figure 18)

ThisTHCA-x Ul EOODPOEOUWET 1 O0Uax1T wUT OPUWEW?PDOE wl

loci O, A, B, and the loci related to PJGgened w31 1 wi 1 Ol UPE wEa { 15:0ud U

could be improper because also certain fiber strains, coming from the Far-Eastern,

belong to this chemotype.

The illegal and recreational market let the circulation of numerous THCA -

predominant chemotype clones, whose identity and stability cannot be ensured.

Nowadays, a limited number of THCA clones obtained Plant Breeders Rightss the

cultiv ars used for the SativeX® production (de Meijer E., 2014)
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Purity of THCA
in total
cannabinoid
fraction (% w/w)

Total cannabinoid
Total cannabinoid contentdry
contentdry inflorescences
inflorescences (bred (landrace materials
clones) (% wiw) and fiber strains) (%

wiw)

THCA -
predominant

chemotype

96-98%

25-30% 2-5%

TABLE 2 QUANTITATIVE ASPECT OF THCA -PREDOMINANT CHEMOTYPE . SOURCE: (DE MEIJER E, 2014)
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FIGURE 18 EXEMPLIFICATIVE HPLC CHROMATOGRAM OF AN  THCA -PREDOMINANT CHEMOTYPE . SOURCE:

ADAPTED FROM (GUL & AL., 2015)

3.2.2CBDA -PREDOMINANT CHEMOTYP E

InthetypelOw" ! # whUwx Ul EOOPOEQUOWEOEwWUT OPUWE w? P
fiber and seed hemp cultures, but also present in hashish landraces. Despite the

CBDA predominance, this chemotype synthesizes also THCA, and this might be
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detrimental for the cultivation of fiber and seed specimens with a fairly high
cannabinoid content. Even though the CBDA/THCA ratio is close to 1 (0.5 to 3.0),
there is always a weak CBDA prevalence (chemotype II).

3T 1T w?i PET U IR | uzuadU upudchenbryp&)CBDA -@dd@riinant O w
II, where the THCA content is lower than 0.3% (Pacifico & al., 2006) (Table 3, Figure
19 & Figure 20)

Purity of | Total Total cannabinoid] THCA
CBDA in | cannabinoid content/dry presence in
total content/dry inflorescences total

cannabinoid | inflorescences | (landrace materialy cannabinoid

fraction (bred clones) and fiber strainy fraction
(% wiw) (% wiw) (% wiw) (% wiw)
CBDA-
predominant 85-90% 25-30% 1-5% 0.35%
chemotype

TABLE 4 QUANTITATIVE AND QUALITATIVE ASPECT OF CBDA -PREDOMINANT CHEMOTYPE (I AND I).
SourcE: (DE MEIERE., 2014)

The residual presence of THCA could be the result of multiple factors:

1 photochemical conversion of CBDA (Lydon & Teramura, 1987);

9 second minor cyclisation always carried out by CBDAS, whose gene
developed from an ancestral THCAS gene (de Meijer E., 2014)

1 THCAS homologous, which shows an aminoacidic difference due to a genetic
polymorphism (Kojoma & al., 2006) ;

1 non enzymatic reaction, since in this chemotype are found both of cis and
trans THCA isomers (in THCA -predominant chemotype strains only trans
isomer occurs) (de Meijer E., 2014)

In Europe around 60 fiber CBDA -predominant chemotype cultivars are now

registered.
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FIGURE 19 EXEMPLIFICATIVE HPLC CHROMATOGRAM OF AN  CBDA -PREDOMINANT CHEMOTYPE  (I).
SOURCE: ADAPTED FROM (GUL & AL., 2015)
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FIGURE 20 EXEMPLIFICATIVE HPLC CHROMATOGRAM OF AN  CBDA -PREDOMINANT CHEMOTYPE  (ll). SOURCE:
ADAPTED FROM (GUL & AL., 2015)
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3.2.3CBGA-RICH CHEMOTYPE

This chemotypes have only recently been described(Fournier & al., 1987).
At the loci O, A and the ones related toPJGgenesthis predominance is always related
UOw ? PDOE w UdNsverthlasg @i ich@rhoiypeucan be obtained inducing a
activity and in the accumulation of CBGA (de Meijer & Hamm ond, 2005)
Two CBGA -predominant chemotype are possible:
1. the one with a residual presence of CBDA, due to the minimally functional
allele Boo;
2. 0T 1T wOOT whpbPUT WE wU P-THBA tuE © thentidinally Drictionad | w.
allele Bro.
This specific chemotype induces a peculiar phenotypic change: the globose head of
glandular trichomes assume a white opaque colour due to the almost total absence
Ol WTHCA and CBDA. In 2003, the Italian CGBA -rich fiber hemp strain (Carma)

obtained Plant Breeders Right (de Meijer E., 2014)
3.2.4PHYTOCANNABINOID -FREE CHEMOTYPE

A cannabinoid -free chemotype was reported for the first time in 1988 and was
characterised by a total lack of glandular trichomes. (Gorshkova & al., 1988). The
absence of phytocannabinoids can beobtained by:

1 generation of non-functional trichomes;

1 modulation of the terpenoid pathway;
9 mutation in GOT -expressing gene;
1

upstream modification at loc us O.
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However, only the application of the latter mechanism has been reported in literature
as an effident method to induce the generation of a phytocannabinoid -free
chemotype (de Meijer & al., 2009b). In the homozygous specimens at locusO, the
200002 wEOOI Ol WEEUUTl wUT 1 wUOUEOQWOEEOQWOI wxT a
demonstrated to be a dominant repressive regulator, according to backcrossing
experiments with high -content plants (de Meijer E., 2014)

These clones are usually characterized by a strong fragrance due to the great amount
of terpenes, proving that this knockout modulation influences ne ither the trichomes
functionality nor the terpenoid pathway.

Despite the apparent uselessness, this specific chemotype is a rich source of crude
enzymes (for in vitro assays) and a material reference for chemicalanalytical studies.
As a reference plant, the phytocannabinoid -free chemotype has obtained a patent

protection and is used in clinical studies as a placebo branch (de Meijer E., 2014)

3.2.5CBCA-RICH CHEMOTYPE

Natural occurring in Afghan hashish and Korean fiber landraces, the CBCA -rich
chemotype is characterised by two related specific morphological aspects:

1 the suppression of capitate-stalked trichomes, related to the lack of bracts and

bracteoles

9 agreat amount of capitate-sessile glands.
The CBCA-rich chemotype is the result of a morphological mutation which mimes a
juvenil plant stage when CBCA was more prominent (usually 0 -5% in
phytocannabinoid fraction of mature specimens of all chemotypes) (de Meijer E.,

2014)
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3.2.6CANNABIVARINOIDS -RICH CHEMOTYPE

Cannabivarinoids -rich chemotype naturally occurs, albeit it is pretty rare: aTHCVA -
rich chemotype, indeed, has been found in China fiber and South Africa marijuana
landraces.

Generally, to obtain cannabivarinoids -rich chemotype is necessary inducing some
specific allelic modulation at loci A and B.

It has been demonstratedthat THCVA -rich clones can reach a purity equal to 92%
undesirable presence thatcan only be eliminated by chromatographic purification

(de Meijer E., 2014)
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4, THE HUMAN RELATIONSHIP WITH CANNABIS AND
PHYTOCANNABINOIDS

The relationship between human species andC. sativais ancient, with the first contact
presumably taking place in central Eurasia 50,000 years ago (Wells & al., 2002)
(Forster, 2004). Since then, the relationship has been so advantageous for each
species,resulting in co-evolution that is, if the symbiosis induced not only phenotypic
modifications, but also allelic modulations on some specific genes. The human
interest granted Cannabisa worldwide dissemination, supported by the impressive
adaptable capalility of the plant. From a genetic standpoint, the plant surely had
induced the allelism Bt and Bo before the human domestication; however, the
conscious or unconscious human selection led to a higher frequency of expression of
one allele rather than the other one (or vice versa), resulting in the generation of two

different chemotypes (Clarke R. a., 2013)

Could be possible that C. sativa has affected our evolution in a similar way?

The sociological, cultural, economic, and pharmacological impact that C. sativacan

Il EUEQawEl wUOEI Ul VEPOPUUES weDADOWBGUOE Wl EYI
i OER?2 wep" OEUOT w1l1dwEdOw! Yhut KowUT 1 wbOUORDPEE U
Cannabishas long been associated to recreational purposes, btithe characterization

of bioactive constituents made it possible the exploration of its medicinal properties

(Pertwee, 2006) (Zou & al., 2018)

From an evolutionary standpoint, co -evolution between CB: and endogenous
cannabinoids seems logical (McPartland & al., 2007b),but there is no evidence that

the CB receptor genes underwent modification because of an exogenous agonist like

_ ®-THC.
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4.1 CHEMICAL STUDIES

C. sativawas probably one of the earliest plants to be cultivated by man (Russo, 2007),
and its medicinal use might already have been reported in China more than 4000
years ago. Nevertheless, scientific investigations started only in the 19" century. The

early history of phytocannabinoids is confused.

CLEAR
NOMENCLATURE
FIRST & SUGGESTIONS
NARCOTIC ABOUT CBN CBD: STRUCTUF
EXTRACT STRUCTURE CBDA ELUCITADION
(1847) (1933) (1955) (1964)

|

RED OlL-‘GBN & CBN:& CBD ELUCIDATIO O-THC
mmgm\l STRUCTURE & ISOLATION
| THCISOMERSMIXTUR (1964)

(1896)

(19409)

FIGURE 21 TEMPORAL LINE OF CHEMICAL CANNABINOIDS RESEARCH

In 1847, the Smith pharmacists in Scotland obtained a narcotic resinous material from
an alcoholic extraction of Cannabispurified by depigmentation with lime and by a

sulfuric acid washings to elimina te basic compounds (Smith & and Smith, 1847).This
work suggested the non-basic nature of phytocannabinoids but was found to be

difficult to reproduce. 50 years later, a group of chemists from Cambridge (Wood,
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Spivey and Easterfield) isolated from hashish a resinous "red oil" with all the narcotic
properties of Cannabis naming it cannabinol(Wood & al., 1896). The distillation
conditions were harsh (Adams R. P., 1940a): an alcoholic or ether extract was distilled
at high temperature (bath temperature 100-300 °C) and under reduced pressure (3
mmHg). The primary distillate | after water washings | was then subjected to a
further fractionate distillation. 37T 1 wEET D1 YI Ol OUw Ol wUT PUw?UI
important, but also confusing moment in the early cannabi noid research. This
distilled resin was firstly believed a pure compound (Wood & al., 1896); however,
after isolating a crystalline, not narcotic, and optically inactive product ( 52)| after
acetylation of the distillate (Wood & al., 20-36)| U1 1 w? UWwas endd @rbeua
mixture, but the Cambridge group decided to retain the name cannabinol also for the

compound that had yielded the crystalline acetate . (Figure 22)

Acetylated CBN

FIGURE 22 STRUCTURES OF ACETYLATED COMPOUND FROM "RED OIL" AND CANNABINOL .

Unfortunately, Sparvey's untimely and accidental death, as well as Easterfield's

move to New Zealand, ended the research works in Cambridge (Mills, 2003)
(Appendino, 2020). From this point on, cannabinoid research went through a further

slowing -down period caused by messy nomenclature, difficulty in isolating

compound 52, and eventually confusion on its optical rotation. During the Thirt ies,

"ET OzUw il OUEPEEU]I Ew Ul T wiTUOUUwW UUDUUVECUUT w OI
ambiguities on the name, and demonstrated it had no intoxicating properties. The
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benzopyran structure he proposed only missed the location of the substituents. This
was eventually established by Roger Adam#n USA and Alexander R. Todih England
(Adams & al, 1940b) (Gosh & al., 1941) Despite his early age and his economic and
manpower limited resources, Todd brilliantly managed to compete with Adams, the
spearhead of American chemistry of the first half of the 20th century. The two
competitors belonged to different chemical generations. While Todd exploited
chromatography and spectroscopy to elucidate the CBN structure, Adams
spectroscopy and the logic of reactivity to settle the issue. (Appendino, 2020)

During the CBN structure elucidation, both groups serendipitously discovered a
novel and non-narcotic phytocannabinoid, CBD. The aim of Adam research was
initially to characterize the psychoactive principle of C. sativa however, since the
difference between marijuana and hemp was not so clear at that time, he was
assigned a THC-poor plant sample. The starting troubles in the CBN isolation as a
crystalline product | arising from the chemotype of botanical material | were the
driving force to CBD finding. Using 3,5dinitrobenzoyl chlorideas an alternative
acylating reagent, and hydrolysing () the consequent compound 53, CBD was
isolated (Appendino, 2020).

The CBD structure was clarified through these decomposition reactions (Il and IlI).
(Scheme 5)

Nevertheless, Adams was not able to locate the endocyclic double bond in the right

position and to establish the absolute configuration of CBD (Adam & al., 1940c).
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OH
pyridine, HCI
- . .
1] HO CsH1qq
CsHyq
54 40
p-cymene Olivetol acid
Cannabidiol bis-3,5-dinitrobenzoate \ H,, Pd
KMnO4 § E
acetone
T . -~
1] 2 - 2
CgHqq z H
P PN
55 56 57
tetrhydroderivate of CBD p-menthane-3-carboxylic acid menthanol

SCHEME 5 REACTIONS APPLIED FOR ISOLATION OF CBD AND FOR ELUCIDATION OF ITS STRUCTURE . (I)
HyDbRroLYsIs oF CBD BIS-3,5-DINITROBENZOATE . (II) PYROLYTIC B -ELIMINATION TO P -CYMENE AND OA.
(Ill) PERMANGANATE DEGRADATION OF TETRAHYDODERATIVE OF CBD TO P-MENTHANE 3-CARBOXYLIC
ACID , ALTERNATEVELY OBTAINED FROM MENTHOL . SOURCE: (APPENDINO, 2020)

(OWXxEUEOOI OOwbOws Ol OEQEW3 OEEwP] OUWET I EEw" |
hashish sample as starting material| UOwi | wEDE wOOUwi EET wOT 1 wUE(
for the CBN isolation. He found that performing the acylation with  p-nitrobenzoyl

chloride facilitated the removal of all phytocannabinoids from the red distillate

(Work, Bergel, & Todd, 1939). In 1940 Todd first submitted to Nature a paper about

the CBD isolation (Jacob & Todd, 1940a), without any particular details, and
successively a secod paper to the Journal of Chemical Societyn which some
suggestions about the CBD structure had been provided citing Adam's work (Jacob

& Todd, 1940b).
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Both Adams and Todd discovered that in acidic condition CBD undergoes a
cyclisationreaction that affords a narcotic mixture of two non -crystalline compounds
TEYDPOT wEWEDI I 1T Ul 00 wds WDEEOwr WOOEUDEOH (ui?» Qud® (
Adams correctly assigns to these compounds (16 e 58) a tetrahydrocannabinol
structure, with unknown location of the endocyclic double bond and the

stereochemistry. (Scheme 6)

Acidic
conditions
B —— et
CsHy4
2 16 58
CBD AS-THC A8-THC

SCHEME 6 ACIDIC CONDITIONS AFFORD A MIXTURE OF  %-AND | 8-THC.

Apart from his phytochemical and organic chemistry contributions, Adams also
investigated the structure -activity relationship of the narcotic mixture, using a more
easily available analogue. The phytocannabinoids history next moved East, in
"4l ET OUOOYEOPEOwWPT 1 Ul wUT T wEUPOOPEOUWPOUOW!
isolation of the first native Cannabigroducts.
In the course of studies on the discovery of plant-derived antib acterial agents, CBDA
was obtained as the major native constituent of a sample of hemp, characterized as a
crystalline diacetate (Appendino, 2020).

EEDUDOOEOwWPOUOWEA WS EOUEYAWEEUI Ewi BEOUUDYI
published his results in a journal of very limited circulation, and still today fails to

deserve the merits he deservesp§ EOUE Y A OwhiNt KAwp xx1 OEDOOOwW
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. 0 0a wb OaHgQWakKauventually identified as the natural intoxicating agent of
marijuana, identical to the less optically negative isomer obtained by Adams (Gaoni,
1964) The year before, based on NMR studies, Mechoulam hadalso established the
structure of CBD (Mechoulam & Shvo, 1963).
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5. THE PHARMACOLOGICAL PROFILE OF CANNABINOIDS
5.1THE EARLY STUDIES AND THE DISCOVERY OF CANNABINOID RECEPTORS

The earliest studies on the pharmacological profile of phytocannabinoids date back
at the time of their discovery (Paton & Pertwee, 1973): both natural occurring
meroterpenoids (| -THC, CBN and CBD as Cannabisextracts) and synthetic ones
(- ¢212 THC 59 and its hexyl analogous, synhexyl60) had been investigated. (Figure
23)

A marked excitant central activity had been reported for ®-THC and 60 whose
administration caused catalepsy in mice and corneal areflexia in rabbits. While CBN
showed a psychoactive activity similar to . °®-THC one, but with significantly lower
potency, CBD did not show any remarkable central action, but interference with the
metabolism of barbiturates was discovered (Loewe, 1946) (Pertwee,2006). Modern
studies have shown that this activity is due to the modulation (inhibition or
induction) of some P450 (CYP) (Pertwee 2004). The early studies showed that
cannabinoids showed strict structure -activity relationships, but investigations were
focused on their narcotic properties, eventually traced to . >-THC (Gaoni, 1964)
(Mechoulam & Gaoni, 1967), whose molecular target remained long unknown

(Pertwee, 2006)

OH OH
7 ~
(0] CsHyqq (0] CgH13
59 60
A%10a_THC Synhexyl

FIGURE 23 CHEMICAL STRUCTURES OF TESTED CANNABINOIDS IN THE EARLY PHARMACOLOGICAL STUDIES
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Just like the world of fashion, also the one of science is affected by trends and the

topics that are hot end up draining the attention. During the 1970s drug metabolism

and the CYP enzymes were popular, and cannabinoids research focused on the

xI EUOEEOODOI UPE wWE OE wl T ITHEYAgUrell R 8.010d6) - EHC P E a w
was found to undergo liver phase | metabolization to 11-hydroxy °-
tetrahydrocannabino{11-hydroxy - ®-THC, 61), with a residual psychoactive action,

and 11-nor-9-carboxy °-tetrahydrocannabinotp®-THC-COOH, 62), inactive. Phase |l

glucuronidation then follows, with  eventual urinary excretion. (Scheme 7)

HO HO___O

Phase |

—_—

Hydroxylation

Phase |

_ =

Hydroxylation

CsH ~T~o ‘ CsHiy

61 62

CsHy4

~T>o

OH

Phase Il Phase || Phase Il
Glucuronidation 9'“0 Glucuronidation o Glucuronidation
O

4_\0 O CsHqy

63 64 65 66

CsH14

SCHEME 7 PHASE | AND Il METABOLISMS OF | °-THC AND MAIN METABOLITES INVOLVED . WHILE THE
METABOLISM OF = %-THC AND | %-THC-COOH HAVE BEEN MAINLY CHARACTERISED , MORE DIFFICULT HAS
BEEN THE UNDERSTANDING OF 11-HYDROXY- °-THC BIOTRANSFORMATION . ONLY THIS YEAR, HASSENBERG E
AL. (2020) HAVE DEMONSTRATED THAT 11-HYDROXY- °-THC GLUCURONIDATION SURELY TAKES PLACE IN

ALCOHOLIC PO SITION, AND PROBABLY IN PHENOLIC ONE THROUGH , EXPLOITING BOTH IN VIVO AND IN VITRO
ASSAYS. SOURCE: ADAPTED FROM (HASSENBERG& AL, 2020)

The initial investigations on the biological targets of cannabinoid led to confusing

results. Based onin vitro experiments on artificial membranes constituted only by
cholesterol and phospholipids, . -THC was considered a simple modulator of
membrane fluidity (Lawrence & Gill, 1975) (Pertwee, 1988), but interaction with a

specific receptor was suggested by several observations, namely: a) stricstructure-
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activity relationships(SAR); b) erantiodifferentiation (+) trans, -THC was inactive
when compared to natural (<), ®-THC (Pertwee, 1988) (Howlett & al., 2002)

In the mid-1980s, it was discovered that cannabinoids inhibit adenylate cyclase
(Howlett & Fleming, 1984), mimicking a signal transduction mechanism similar to
neurotransmitters. This inhibition was mediated by a G i-protein (Howlett, 1985),
since it was pertussis toxinsensitive(Howlett & al, 1986). The turning point in the

study of cannabinoid receptors was the use of ultrapotent analogues of -THC
inspired by the early work of Adams on the replacement of the pentyl side -chain
with a branched one (Adams & al., 1949). In 1974, CR55-940 (67) was synthesized
by Pfizer. (Figure 24)

OH

g

CP-55-940

FIGURE 24 CHEMICAL STRUCTURE OF SYNTHETIC ANALOG OF  °-THC, cALLED As CP-55-940

Although never been marketed, this compound in its tritium -labelled form [3H-CP-

55-940] has become a workhorse forresearch on cannabinoids (Pertwee, 2006), since

its more polar features compared to [3H- 93" " ¢ WOE Ol wPUwOIl UUw?2U0U0P
membranes (Howlett, 2005).

Eventually, the existence of cannabinoid CBs)receptorsvas experimentally proven by
displacementUU U E D1 U wETHO bBrid CA56940 (Devane & al., 1988) (Howlett

& al., 1988), and two specific proteins (CB and CBz) were characterized (Gerard & al,

1990) (Munro & al, 1993).
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In the light of these advancements, the structure-activity relationships co uld be better
defined, identifying as critical elements for CB 1 and CB: binding three structural
elements, namely the G9 methyl, the phenolic 1-OH and he C-3 pentyl group
(Howlett & al, 1988). (Figure 25)

The validity of this model was established by a potent CB receptors agonist, a
structurally -new synthetic analogous of classiccannabinoids, referred to as WIN-

55,2122 (68) (Martin & al, 1991).

Three-Point

Binding
C-9 Methyl,
C-1 Hydroxyl,
and C-3 Alkyl side-chain
are three key CB1 contact
sites for agonists

3 Alkyl side-chain

(L
N O

O\).,,//N\)
Carbonyl substitution
for phenolic OH is not 68
essential for CB4 binding Aryl head groups make
(o ) key n-stacking WIN-585,212-2
Aryl moiety interactions with CB4
N
N

Alkyl side-chain

5-6 C chains have
highest affinity for CB1

TWO PROPOSED SKELETON MODELS FOR CB1 RECEPTORS
AGONISTS ACCORDING TO SAR DISCOVERED OVER TIME

n-Stacking

FIGURE 25 EVOLUTION OF SKELETON MODEL OF CANNABINOID RECEPTORS AGONISTS OVER TIME
BASED ON SAR STUDIES. SOURCE: ADAPTED FROM (WOROB & WENTHUR, 2020)

Chemically different compounds from the indole series were nex t found to act as

biological analogues of °-THC (Worob & Wenthur, 2020).
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CB receptors studies have increased exponentially due to their involvements in a

host of physiological and diseased states. CB and CB: belong to the rhodopsinlike

family of seventransmembranspanning (7-TM) receptors, coupled to G-protein

whose activity changes from cell to cell, according to its type and function (Howlett

& al., 2005) (Figure 26)

Cannabinoid receptors generally inhibit the adenylate cyclasactivity (through a G io
proteins), and induce the mitogenactivated protein kinas@MAPK) (through a G i
proteins), regulate the certain ion channelsctivity (through a G io proteins), and can

even inducethe adenylate cyclassctivity (through a G s protein) (Howlett & al., 2002)
(Howlett, 2005) (Pertwee, 2005)

This promiscuity of the signalling transduction pathway is probably attributable to
EwW?EPEUI EwUDT OEOODOT »w Ol ET EOPUOOWDPI PET wbU
EPOEDOTI Ow U1 1 w ?ATANCEYIDO0 E®OEGBAMW EEUUI Uw Ew
conformation, and consequently a particular signalling transduction pathway (Ibsen

& al., 2017)

FIGURE 26 STRUCTURE OF HUMAN CB RECEPTORS. SOURCE: (CAPRIOGLIO, 2016)
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CB: are principally located within the nervous central systen{CNS) in cortex,
cerebellum, hippocampus, and basal ganglia nuclei: for this reason, CB receptors are
involved in the regulation of analgesia, motor function, cognition, and memory
(Howlett & al., 2002). They are disseminated in the central and peripheral neurons
terminals ¢ especially in GABAergic rather than glutamatergic neurons (Katona &
al., 1999)| and modulate the neurotransmitters release (Szabo & Schlicker, 2005)
The capability to regulate synaptic transmission and plasticity is due to their
presence in astrocytes (Han & al., 2012)Eventually, outside of CNS, CB:1 receptors
are located in different peripheral tissue, such as heart, lung, ovary, testis, prostate
and in a circulating immune cel Is range (Bouaboula & al., 1999) (Galiegue & al., 1995)
CB: receptors are found at significantly higher levels in peripheral organs having
immune function, as tonsils, spleen, thymus, and macrophages (Brown & al., 2002)
The presence of CB receptors in the adult brain represents a controversial question
because it is not yet clear if their occurrence in brain cells| including astrocytes,
microglia and astrocytomas | could be related or not to some neurological diseases
(as Alzheimer) (Brown & al., 2002) (Ellert-Miklaszewska & al., 2007) (Benito & al.,
2003) (Van Sickle & al., 2005) (Soethoudt & al., 2017)

Following the discovery of CB receptors, the next crucial step was the search for
endogenous compounds capable to mimic their activity. In collaboratio n with
Raphael Mechoulam, Bill Devane found out a lipophilic substance with promising
activity from pig brain: this compound was able to displace [ 3H]-HU243 | a
powerful receptor CB agonist | from the receptor binding site (Devane & al., 1992).
After furth er assays (Howlett & al., 2002), this endogenous compound was validated
as an CB receptor partial agonist, and, eventually was identified through its synthesis
as arachidonoyl ethanolamid@9), commonly known as anandamide(AEA) - from

Anandawhich in SanUOUD U wOIl EOU w? B Perivtle; a6 p%D T UUIT wl
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This discovery made it possible to detect other fatty acid derivatives with an action
similar to anandamide one, like 2-arachidonoyl glycerdR-AG, 70) (Mechoulam & al.,
1995) (Figure 27)

All fatty acid derivatives with a marked modulation activity of CB receptors are

considered asendocannabinoids

69
Anandamide 2-arachidonoyl glycerol

FIGURE 27 CHEMICAL STRUCTURES OF THE TWO MAIN ENDOCANNABINOIDS

AEA and 2-AG are derived from two different biosynthetic pathways and two

different precursors: N-arachidonoyl phosphatidyl ethanolami(®APE) is the AEA
starter, while diacylglycerol{DAGS) are the 2-AG starters (Zou & al., 2018).

In contrast to neurotr ansmitters synthesis, the one of endocannabinoid is activated
on demand, that is, only when is necessary. After binding their receptors (usually

presynaptic or retrograde synaptic (Howlett & al., 2002), they are removed from the

extracellular space by different transport mechanisms| anandamide, in particular,

by carriermediated transport (Hillard & Jarrahian, 2003). After reuptake,

endocannabinoid are not stored, but rather degraded by specific enzymes: fatty acid
amide hydrolas@AAH) for AEA and monoaglglycerol lipase(MAGL) for 2-AG (Di

Marzo & al., 2005). Moreover, the degradation of both endocannabinoids is also
handled by cyclooxygenas2 (COX-2) that acts on their arachidonoyl! residues (Lu &
al., 2016)
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5.2 ADDITIONAL TARGETS OF CANNABINOIDS

In addition to cannabinoid receptors, AEA also activates the transient receptor potential
vanniloid type 1(TRPV1) channels (Zygmunt & al., 1999) (Ross, 2003), and this
observation triggered studied aimed at the identification of additional ta rgets for
phytocannabinoids (Pertwee, 2005). Two major ones are theorphan Gprotein coupled
receptor’GPR55 and GPR18. They only show ca 10% homology with CB receptors,
but can nevertheless bind cannabinoids, and are involved in cancer and metabolic
disorders (Morales & Reggio, 2017. Also, the glycine receptorfGlyRs) are modulated
by cannabinoids, that could exert at least part of their analgesic activity with this
mechanism (Ahrens & al., 2009) (Xiong & al., 2011). Other targets have also been
identifi ed, and the ones more relevant for the project of my thesis will be briefly

introduced.

5.2.1TRP CHANNELS

TRP channels are figuratively our sensory window to the external world: they are
able to recognise a variety of external stimuli, evoking specific responses.
(Venkatachalam & Montell, 2007). There are 28 mammalian TRP channels, organised
into six subfamilies and into two different groups:
1 Group 1:
1. TRPC (canonica)
2. TRPV (vanilloid)
3. TRPA (ankyrin)
4. TRPM (melastatir)
1 Group 2:
5. TRPP (polycystig
6. TRPML (mucolitin)
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All channels present a six segments transmembrane domain, share a little sequence
homology, are permeable to cations, and their C- and N-termini are intracellular.
Their pore loop is created through a homo- or hetero-tetramerization and is located

between V and VI segments (Caterina, 2014) (Figure 28)

TRPC TRPV TRPM TRPA
+++ +++ +++ +++
TRP Cytoplasm
o domain
A GROUP 2
A et N| +++ Kirase e
A N domain TRPP TRPML
A
N N
G G e G +++ +++
c Cytoplasm
N C
+++ Akt

FIGURE 28 THE MAMMALIAN TRP CHANNELS VARIETY . LEGEND: A, ANKYRIN REPEATS ; CC, COILED -COOL
DOMAIN ; P, PORE LOOP; CATIONS , +++;TRP DOMAIN ; KINASE DOMAIN , PROTEIN KINASE DOMAIN . SOURCE:
ADAPTED FROM (VENKATACHALAM & MONTELL, 2007)

Phytocannabinoids, endocannabinoids and synthetic cannabinoids can regulate the

activity of three TRP channels subfamilies: TRPV, TRPA and TRPM (Muller & al.,
2018)

5.2.1.1TRPV CHANNELS

37T wUIl UOQW?YEODPOOOPE>» wUUT EwUOWET UEUDPEIT wUIl L
discovery of TRPV1: in 1997 it was defined as capsaicin(CPS, a vanilloid-like

molecule) receptoor VR1 (Caterina & al, 1997) TRPV1is the only one channel of this
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subfamily activated by CPS. It is also activated by temperature > 42 °C and by protons
(Tominaga & al., 1998) (Wang & Woolf, 2005), and is preferentially expressed in

nociceptive neurons (Caterina, 2014)

CBD
CBG CBDA 39-THC CBC
39-THCV CBGV
CBDV CBGA 39-THCA CBN
CBGV
. High High High No
Activity ) . o
potency, | potency and| efficacy, | modulation Low Efficient
on
but low high but low activity efficacy | desensitization
TRPV1 . .
efficacy efficacy potency found

TABLE 5 SUMMARY OF PHYTOCANNABINOID MODULATION ON TRPV1 CHANNELS . SOURCE: (DE PETROCELLIS
& AL.,2011)(IaNNOTTI, 2014)(MULLER & AL.,2018)

While CPS is not active on TRPV2, this channel, sensible to inflammation and heat
(De Petrocellis & al., 2017), is activated by phytocannabinoids (Caterina, 2014) and
represents a pharmacological target for chronic and inflammatory pai n (Levine & al.,

2007) The phytocannabinoid activity pr ofile on these TRP channels is summarised

in Table 6.
39-THCA, 3°-
CBC
CBD THCV
39-THC CBDA 39-THCV
CBGV CBN
CBGA
CBDV
High potency and high
. High efficacy. ) )
Activity ) High efficacy, .
potency | The phase | metabolism No Efficient
on ) but low o L
and high (11-OH-39-THC) activity | desensitization
TRPV2 . o potency
efficacy reducesactivity
(interesting SARS)
TABLE 6 SUMMARY OF PHYTOCANNABINOID MODULATION ON TRPV2 CHANNELS . SOURCE: (DE PETROCELLIS

& AL.,2011)(MULLER & AL.,2018)
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TRPV3 is involved in perception of itch and pain and is disseminated not only in
CNS, but also in peripheral organs and tissues (De Petrocellis & al., 2017)

In addition to stimulation due to warm temperature (33 -39 °C) (Muller & al., 2018),
carvacroland camghor, two examples of oxygenated monoterpenes, are TRPV3 lead
agonists (Caterina, 2014). Some phytocannabinoids rather than activators act as

desensitizers of this receptor. (Table 7)

CBGV
CBD
CBG
39-THCV

CBGA
Activity Efficacy ofactivation Efficient desensitization
on TRPV3 (like the carvacrol one) to the carvacrol action

TABLE 7 SUMMARY OF PHYTOCANNABINOID MODULATION ON TRPV3 CHANNELS . SOURCE: (DE PETROCELLIS

& AL, 2012)(MULLER & AL.,2018)

TRPV4 has a broad distribution throughout the body, from brain to peripheral
organs, as heart, kidney, and skin (Nilius & Owsianik, 2011). It is activated by
mechanical and osmotic inputs as well as by phytocannabinoidsm(De Petrocellis &

al, 2012) (Table 8)

CBD CBGV, CBG
39-THCV CBGA, CBN
Activity Efficacy ofactivation Efficient desensitization
on TRPV4 (like the carvacrol one) to the 4 PDD action
TABLE 8 SUMMARY OF PHYTOCANNABINOID MODULATION ON TRPV4 CHANNELS . LEGEND: 4 PDD, - -

PHORBOL 12,13DIDECANOATE . SOURCE: (DE PETROCELLIS& AL, 2012)(M ULLER & AL.,2018)
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CBD and , ®-THCV are able to interact with all TRP channels of this subfamily
(promiscuous activit y), while = ©-THC mainly causes a TRPV2 agonist stimulation,
and CBC exhibits high potency and efficacy for TRPV1 (De Petrocelli & al., 2008)(De
Petrocellis & al., 2011) Phytocannabinoids can also induce desensitization of TRPV
through a functional agonism: this phenomenon is quite typical for the TRP channels
superfamily and inhibits an additional stimulation by their classic ligands (De

Petrocellis & al, 2012)
5.2.1.2TRPA1 CHANNEL

Defined ankyrindue to 14-17 ankyrin repeats in the N-domain, TRPA1 is the only one
channel belonging to this subfamily (Jaquemar & al., 1999), and is expressed in
peripheral sensory neurons, as well as in non-neuronal cells (Samanta & al., 2a.8).
Due to its capability to be activated by low temperatures (17 °C), TRPAL was initially

believed to be a noxious cold sensor, but now it is generally considered a chemao
nociceptor implicated in inflammatory and neuropathic pain (Story & al., 2003)

(Yekkirala, 2013). Within phytocannabinoids, CBC was shown to be the most potent

one, activating TRPAL in a non-covalent fashion (De Petrocelli & al., 2008)
5.2.1.3TRPM8 CHANNEL

The TRPM channels family has greater structural differences compared to the other
group 1 TRP subfamilies, namely:
a) the presence ofN-Ul UODPOEOQwW?3 1/, wi OOOOO6T awUI 1 POO
2005)
b) the lack of N-terminal ankyrin repeats (Kraft & Harteneck, 2005) ;
c) the occurrence of C-terminal tetrameric coiled -coil domain (Fujiwara &

Minor, 2008)
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Only TRPM8 bind phytocannabinoids, that can behave as agonists or antagonists.

3T PUWXEUUDEUOEUWET EOOI OwbUwUUUE OO OmeanttbPE UOE |
eucalyptol and icilin (Muller & al., 2018). In addition to its involvement in certain

cancer types, TRPM8 is related to pain, bladder function and thermoregulation (Liu

& al., 2016)

5.2.2PEROXISOME PROLIFE RAT OR-ACTIVATED RECEPTORS(PPARS)

The PPARs are a superfamily of transcription factors nuclear receptors which control
gene expression (Greene & al., 1995) (Sun & Bennett, 2007). They are located in
numerous tissues and take part in diversified biological processes, such asinsulin
sensitvity, glucosenomeostasjsnflammation and fatty acid storag€O'Sullivan, 2016).
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and w(gamma).

PPARs are taracterized by a DNA binding domain in the N-terminal region and a
ligand binding domain in C-terminal one (Grygiel-Gérniak, 2014): after ligand
binding, these transcription factors migrate into the nucleus and heterodimerize with

the retinoid X receptor(RXR). Eventually, this transcriptional machinery | after a
previous modulation by specific factors as steroid receptor coactivator 1| binds to

the target gene DNA on PPREs fperoxisome proliferator hormone response elejnents
increasing or decreasing the transcription (Grygiel -Gorniak, 2014). (Figure 29)

Although phytocannabinoids are able to interact with PPAR Y and PPARw
(O'Sullivan, 2016), the latter displays a more interesting pharmacological profile due

to its involvement in the control of metabolism and inflammation | inhibition of
inflammatory gene t ranscription is modulated by PPAR wactivity (Jones & al., 2005)

(Vandoros & al., 2006)(O'Sullivan, 2016).
5.2.3THE TRANSCRIPTION FACTOR BTB AND CNC HOMOLOGY 1(BACH1)

BTB and CNC homologyBachl) is a transcription factor broadly expressed in
mammalian tissues: it displays aN-terminus with a protein interaction domain and

a C-terminus that, after interaction with a small Maf proteins, is able to bind DNA
and so mediate its transcriptional suppressing activity (Oyake & al., 1996). Indeed,
Bachl| as heterodimer with Maf protein | attaches DNA in Maf recognitiorelements
(MAREs) of the gene promoters and inhibits the transcription of certain genes
involved in oxidative stress -response, like heme oxygenase(HO-1) and NADPH
guinone oxidoreductagblQO1) (Zhang & al., 2018) By inducing its removal from the

nucleus through hemebinding, antioxidant action or cadmium this transcriptional
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suppressor cannot carry out its activity (Ogawa & al., 2001) (Kaspar & Jaiswal, 2009)
(Suzuki & al., 2003).

Bachl action is closely related to the function of another transcriptional factor,
referred to as nuclear factor erythroidlerived 2like 2 (Nrf2): the activity of Bachl is
perfectly balanced by the Nrf2 one, and vice versa (Jyrkkénen & al., 2011)

Under physiological oxygen conditions, Bachl is bound in the nucleus to MAREs,
while in the cytoplasm Nrf2 is repressed by Kelchlike ECH-associated protein(Keapl)
binding (Kwak & al., 2003) In non-physiological situation, the oxidative stress
induces the Nrf2-Keapl binding cleavage, leading the nuclear factor to migrate into
the nucleus, to heterodimerize with small Mafs and eventually to allow the
transcription of HO -1 and NQOL1, genes for the oxidative-stress response (Chapple

& al., 2016) (Figure 30) L
Oxidative stress

Keap| Nrf ‘ Nrf2
degradation

Nrf2 //‘l‘_—— "“\\

accumulation / \

Bachl export

1 }Wwpsoisy
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FIGURE 30 GRAPHIC REPRESENTATION OF THE WORKING OF THE  BACH 1-N RF2 AXIS IN RESPONSE TO OXIDATIVE
STIMULI . SOURCE: ADAPTED FROM (ZHANG, 2018)
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At the same time, Bachl is released from the binding with MARES and successively
shipped outside the nucleus in the cytosol (Zhang & al., 2018). This response to an
oxidative -stress is masterminded by sirtuin (Srt). The Bachl-Nfr2 axis is involved in
numerous physiological processes (cell cycle, homeostasis, ROS generation) and in
different diseases (cancer, cardiovascular pathologies)(Zhang & al., 2018) Therefore,
this pair of transcription factors could rep resent an important pharmacological
target. Recently, Casares et al. (2019) have demonstrated that CBD could be used as
a topical treatment for different skin diseases because this phytocannabinoid induces

an inhibition of Bachl though without any activity on Nfr2.
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6. CONCLUSIONS

The ECSiis presentin all animals| exceptinsects] and has along evolutive history.

The ECS might have been present already in the primitive animals Cambrian era,

and its wide distribution in the animal kingdom is seemingly crucial to maintain
homeostasis, performing all the essential physiological functions and adapting to
environmental changes (McPartland & al., 2007). (Figure 31)

The ECS is also fundamental to perpetuate a species: it has been defined by
MaccarroOl wWEUwUT | wgT UEUEDPEOQWEOT T OwoOi wi UOEOwWUI
regulates our entire reproductive process (from spermatogenesis to the early
postnatal stages) (Maccarrone, 2005) (Fride E., 2004) (Fride & al., 2008). In addition

to regulating and co ordinating the organisms main activities [sleepingeating relaxing,

and protecting (Di Marzo & al., 1998)JOw Ul T w$" 2w Ul xUI Ul OUUwEw
collaborates with the immune system and other physiological systems (Pope & al.,

2009) However, in my opi nion its most important role is to allow us to:
PTolerate our human condition, bear and forget selectively the arrows that life is

addressing us, and start again, day after day »

(Allyn Howlett)
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(rimonabant 71) was marketed in Europe in 2006 and in Italy in 2008 for the

pharmacological treatment of obesity and overweight pathological, being able to

contrast food craving (Howlett & al., 2004) . Rimonabant is a synthetic cannabinoid

60



Introduction~ 6. Conclusions

designed considering the CB: receptor-ligand SAR studies (Figure 32): it is a CB

receptor inverse agonist (Xie & al., 2007)
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In Italy Acomplia® was withdrawn after only 5 months (AIFA, 2008) because CHMP
(Committee for Medicinal Products for Human Use of EMA) revealed that patients

taking rimonabant had a doubled risk of psychiatric disorders compared to control.

The use of CB eceptor reverse agonist can cause the appearance of anxious and
depressive effects, which in some cases induce to a suicidal drift. This striking case
demonstrates how ECS is a system very delicate and difficult to modulate, where
sometimes an equilibrium EOQUT UEUPOOWEEQwx UOY OOl wEwUI EEU

1T 11 EU»
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Objectives Of The Work

Despite extensive and multidisciplinary studies, many aspects of the biomedical
profile of phytocannabinoids and their plant source are still incompletely known,
justifying the statement of the neuropharmacologist Leo Hollister that
?the more one studiesannabis chemically, the more complicated it becomes

This thesis builds on the expertise on the chemistry and pharmacology of
cannabinoids acquired in almost two decades of studies by the research group where
I have been working. The topics | was asked toinvestigate were the reactivity of CBC
the oxidatiorof phytocannabinoidand the clarification of some aspects ofthe structure
activity relationships of the phytocannabinoid pharmacophore.
Based ondihydrochromenongl) behavior, the possibility to interconvert CBC in THC
by thermal degradation has been extensively explored.
The acidic and native form of phytocannabinoids is primed not only to
decarboxylation, but also to oxidation of its resorcinyl core to quinoid forms, and the
second target of my work was to investigate the mechanism of this reaction and shed
light on its biological meaning, evaluating its potential to expand the biological space
of the cannabinoid pharmacophore. In the course of these studies, a unique reactivity
was evidenced in two classes:

1 the chromenic cannabinoid¢ exemplified by CBC (2), a natural

phytocannabinoid ;
1 the dimethylheptyl cannabinoids a class of synthetic cannabinoidsrelated to
EEOUzwxadNEI T RAOwmp

Finally, my ultimate task was to investigate, by total synthesis of analogues, the

biological space associated to these lead structures.

0] OH OH
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The Chemistry Of Phytocannabinoids

Despite the large and decadeslong efforts aimed to the clarification of the chemical
reactivity of phytocannabinoids ¢ that have already led to the discovery of several
new bioactive entities ¢+ the chemical structure of this class of compounds still
reserves various aspects that require further elucidation.

In the first part of this PhD thesis, two aspectsegarding the chemical reactivity of
phytocannabinoids have been deepened:

1. lodine promoted phytocannabinoids rearrangentéetresearch group | belong
has already observed how some phytocannabinoids could undergo
interconversion and rearrangement through treatment wit h molecular
iodine. During my thesis | carried out this project by completing the reactivity
framework of the main phytocannabinoids towards iodine, discovering an
interesting deconstructive annulation which ¢ after several optimizations ¢
led to the first onepot synthesis of CBN

2. Oxidation of theresorchyl core cannabinoquinones are a particular class of
compounds with a marked bioactivity. Despite this type of reactivity was
already known, it was appropriate to investigate this aspect through the
study of oxidants based on hypervalent iodine, and the results of this research
have led us to the optimization of regioselective reactifmsphytocannabinoids

and their derivatives.
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The thermal degradation of cannabichromene (CBC, 3) is dominated by cationic
reactions and not by the pericyclic rearrangements observed in model compounds.
The rationalization of these differences inspired the development of a process that
coupled, in an aromatization -driven single operational step, the condensation of
citral and alkylresorcinols to homoprenylchromenes and their in situ deconstructive
annulation to benzo[c]chromenes. This process was applied to a total synthesis of

cannabinol (CBN, 5) and to its molecular editing.

Despite the availability of phytocannabinoid -based mainstream drugs and
significant advances in our knowledge on their targets and mode of action,?
medicinal marijuana, that is the inhaling of vapors of crude Cannabisproducts
(flowerheads, cannabisoil, hashish), is still receiving considerable attention by both
the media and the biomedical community. 2 Within the various arguments raised to
justify research in medicinal marijuana, a popular one is our limited knowledge on

the complex phytocannabinoid mixtures that originate when crude Cannabis
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products are vaporized.? By decarboxylating acidic cannabinoids to their neutral
forms#4 heating dramatically changes the profile of Cannabisproducts, and more
complex reactions that generate new phytocannabinoids and/or interconvert existing
ones are also possible because of the tendency of phytocannabinoids to undergo
complex rearrangements’ In this context, based on the reactivity of the
dihydrochromenone model 1 (Figure 1) and on calculations, it was postulated that
cannabichromene (CBC,3), a non-narcotic major constituent of hemp leaves, could
generate a mixture of narcotic tetrahydrocannabinols (THCs, 4) by electro-reversion
to a quinone methide and intramolecular cycloaddition to the terminal isoprenyl
double bond (Figure 1).6 If confirmed, this claim would have the significant
implication that also the leaves of fiber hemp could be considered potentially
narcotic. The claim was, however, surprising, since the chemistry of
cannabichromene has been investigated since the outset of modern studies on
cannabinoids,” and such an important reaction could hardly have escaped detection,
especially if the conversion yield were so high (77%) as claimed for compound 1.5
The model reaction, while mimicking with silica gel the acidic pyrolytic milieu of
Cannabis was, nevertheless, mechanistically questionable in terms of substrate
selection. Thus, because of regulatory considerations associated to the generation of
THC, a Schedule 1 compound in USA, a hon-aromatic version of CBC (1) was used$
overlooking the relevance of aromaticity loss for the electrocyclic opening that
triggers the deconstructive annulation. Surprisingly, this study had no follow -up,
and the possibility that THC could be generated from CBC under pyrolytic

conditions was not further investigated.
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Figure 1. Thermal rearrangement of the cannabichromene (CBC) model compound 1 to afford a mixture

of cigtrans, °-THC analogues (2).

These considerations, and our interest in the rearrangements of cannabinoids?
provided a rationale to study the thermal degradation of CBC ( 3) under the
conditions of the conversion of 1 to 2. While disproving this conversion, our study
led to the development of a practical one-pot synthesis of cannabinol (CBN, 5), the

first phytocannabinoid to be purified °and structurally elucidated. 10

When CBC was treated with silica gel under the conditions used for the model
compound 1 (Fig.1)f a mixture of three compounds (6-8) was obtained (Figure 2).
Any THC isomer, if formed at all, was below the detection threshold of the H NMR

spectrum (700 MHz) of the reaction mixture.
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Figure 2. Pyrolysis of cannabichromene (150 °C, microwave 300 W, 210 min) in the presence of silica

gel.

Cannabicitran (citrylidene -cannabisbicyclo-CBC,6)* E O Eaiso-cis THC (cyclo-CBC,

7)'2 derive from the protonation of the chromene olefin bond and formation of a

benzyl cation, next trapped by the terminal isoprenyl double bond, with termination

1 DPUT T UwE a wx B-Bct®THE OrHad byunBahalecular oxygen trapping to
cannabicitran (6). The structure of the third compound, cannabicyclol (CBL, 8), was

confirmed by comparison with an authentic sample prepared by intramolecular [2+2]
photocycloaddition of CBC (45% yield),1® and CBC treatment with FeCls (65%

yield). 14 The three compounds formed in the pyrolytic study had already been

described from the treatment of CBC and other cannabinoids with acids and/or by

heating or irradiation. 53T 1 wi OUOEOwWZ| wwhHw!l w¢ wUB)itolBIE OWE a |
(8) was, nevertheless, mechanistically intriguing, and a similar transformation is
documented also for other homoisoprenylchromenes.'57 The reaction has been
considered a GassmanUa x1 w EEUDPOODPE W €| wi bbbwthe ugdtiu Ea E O

Markovnikow regiochemistry is at odd with the considerations of c arbocation

90



Onepot Total SynthesisfaCBN

stability that govern this type of cycloadditions. 81° An alternative, and more
plausible mechanism is presented in Figure 3. The reaction might involve a
cyclopropane intermediate (9), the result of a concerted process triggered by
electrophilic (acidic) activation of the carbonyl tautomer of the resorcinyl moiety and
terminated by electrophilic Markovnikov addition to the electron -rich
homoisoprenyl terminal double bond (Figure 3). This process, somewhat reminiscent
of the santonine-desmotroposantonine rearrangement,?° generates a tertiary cation
that is turned into an oxonium ion by opening of the cyclopropane ring. Regeneration

of aromaticity by decomplexation and tautomerization eventually terminates the

reaction.

OH

ojE

~~

Nl
() R
@

Figure 3. Possible rationalization for the formation of cannabicyclol (CBL, 8) from the acidic thermolysis

of cannabichromene (CBC, 3) (Ef = H* or a Lewis acid, R = nCsH11). The reaction is a mechanistic
x1 UDPEAEOPEwW? I EOUIRWEWEID@Etansyotpesls.0 wOD Ol wll 1 w
Compared to the thermal degradation of the model compound 1, the one of CBC Q)
is characterized by replacement of the electrocyclic opening of the chromene ring by
a series of cationic processes, a predictable behavior sincén the natural product
electroreversion involves loss of aromaticity. Dihydroresorcinols are difficult to

aromatize,'> and the deconstructive annulation exemplified by the conversion of 1to
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2 has therefore remained relegated into the limbo of the generatb OO w O w? OOE
EOOxOUOEU?» wi OUWOEUUUEOWET UOOI O1 Udw2xUUUI E
generate natural products diversity, we wondered if aromatization of the carbocyclic

moiety could provide an alternative driving force to steer the reaction toward the
electrocyclization, overcoming, or at least balancing, the unfavorable initial de -
aromatization step. Since iodine can efficiently aromatize p-O1 OUT 1 O1 UOWP OE QU
THC, via a tandem iodine addition -hydrogen iodide elimination mechanism, 2122we

wond ered if iodine, rather than acids, could materialize the chemistry postulated for

the model compound, eventually turning CBC into cannabinol (CBN, 5), the
EUOOEUDPAIT E uw\HA CBN (@ md)dr eonstituent of traditionally produced
hashisht®but, mostly for its limited availability, it has largely remained terraincognita
POwlUl UOUwWOi WEPOEEUPYPUAWUUUEDIT UGS wIHCANbwD UwU |
CBN is relatively fast (5% per month at room temperature in hashish and even faster

in extracts),23suggesting that the early clinical studies on Cannabiswere carried out

on amaterial containing significant amounts of CBN, possibly even higher than those

Ol whbUU wxTHEHUUOU W,

In the event, we were pleasingly surprised to observe that the treatment of CBC (3,
general formula 13with R = n-CsH 11) under the conditions we had developed for the
EUOOE Ub & B-THT (réiluxidd inuoluene with two equivalents of iodine) 22led,
in a spot-to-spot fashion, to its conversion to CBN in 82% yield (5, general formula

14 with R = n-CsH 11, Figure 4).
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Figure 4. Total synthesis of cannabinol (5) and analogues.In the one-pot procedure for cannabinol (5),
Dowex 50 WX8 was added after the first step and, after filtration over celite, iodine was added. CBN

was obtained in 55% yield.

Other sources of electrophilic iodine species gave a decreased yield (ICl), or, in the
case ofN-iodosuccinimide (NIS), afforded a mi xture of iodinated products derived
from attack to the aromatic resorcinyl moiety ( 15, 20.6% and16, 5.6%9 or from a
iodine -induced citran -type cyclization (17, 21.09% (Figure 2). Taken together, these
observations highlight the delicate role of the iodine source to trigger the
deconstructive annulation. The hidden Bronsted acidity of iodine, that is, its capacity
to generate HI by interaction with hydroxyl groups from the substrate or from traces
of protic solvents,?> was ruled out as a possible mechanism,since treatment of CBC
with Broensted acids affords compounds resulting from formation of a benzyl cation
and not by cycloreversion.” A soft polarizability/polarization of the | -X bond seems,

conversely, critical to avoid electrophilic attack to the electron-rich aromatic ring and
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the dihydropyrane double bond. Electroreversion could then be promoted by
halogen-bonding to the chromene oxygen and/or to its aromatic ring, 2 while the final
aromatization eventually funnels the various equilibria toward the ge neration of
dibenzochromenes. It is remarkable that, despite the plethora of reaction pathways
available, only the deconstructive annulation was observed, at least within the limit

of IH NMR sensitivity, by analysis of the crude reaction mixture.

OH OH

o] CsHiy o CsHis
15 16 17

In a further development of the reaction, we wondered if iodine -promoted
aromatization could redirect the condensation of citral ( 10) and resorcinols (11) from

the generation of chromenes (L3) to the one of benzochromenes (L4), since it
generates the same quinonmethide intermediate 12 postulated for the deconstructive

annulation of chromenes to benzochromenes (Figure 4), and iodine has been

Ul xOUUTI EwUOwxUOOOUT w Ul | -dic&liodyl lardl (uEst@r&ded w O w |
aldehydes to dihydrochromenes. 26 However, the direct treatment of citral ( 10) and

olivetol (11, R = nCsH11) with iodine only produced a complex mixture, confirming

that cyclohexandiones are not good models of resorcinols, and that amine catalysis

is required for the initial condensation step. Amines (pK sz ca. 3,8} show a stronger

affinity for iodine than an oxygen ether or an aromatic ring (pK ez ca 0 in both cases}’
EQEWEOOXxOI REUPOOwW PPUT wWwEOWEODOI wi Yinéld OUOa
electrophilicty of iodine. 2 To overcome this impasse, we scavenged the amine

required for the chromenylation ( n-butylamine) 28 with an acidic ion resin, adding

then iodine to the filtered solution, and continuing refluxing. In this way, after
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aqueous work-up of the reaction, CBN could be obtained in a rewarding 55% vyield

directly from olivetol and citral (Figure 4).

The one-pot total synthesis of CBN from two commodities (citral and olivetol) solves

a long-stainding problem in cannabinoid chemistry and natura | product synthesis,
since aryl coupling of a resorcinyl benzoates, the most obvious retrosynthetic
strategy to cannabinol, gives the wrong regioisomer (unnatural CBN). 2 Thus, in his
classic studies on cannabinoids, Adams managed to synthesize via aryl caipling of
resorcinyl benzoates all possible regioisomers of CBN except the natural one° This
regiochemical issue was only recently solved by Hertweck using a different tether
and a different aryl coupling strategy (photosplicing of a benzylsulfonamidic

precursor).30

Our one-pot synthesis of dibenzochromenes is general for 5alkylresorcinols, an
important and densely populated class of plant and microbial secondary
metabolites,3t and citral (Figure 4). In this way, it was possible to edit the structure of
cannabinol, expeditely generating natural ( 14a,b) and synthetic analogues from the
Y Odimethylheptyl - (1495 and the phenethyl (14d) serie$ useful to explore the

biological space associated to its chemotype (Figure 4).

However, the deconstructive annulation of homoprenylchromenes has also some
limitations. The reaction was investigated with higher homologues of citral (C -10),
namely farnesal (C-15) and geranylgeranial (C-20), but, in both cases, complex
mixtures were formed. In addition, non -symmetric resorcinols like 4-
hexylresorcinols afford isomeric chromenes in the condensation step and, even when
the single isomers were reacted with iodine, parasite reactions plagued the

deconstructive annulation, affording mixtures. Conjugating groups, like double

95



Onepot Total SynthesisfaCBN

bonds or a carbonyl, on the resorcinyl moiety are not tolerated, and, regrettably, the
reaction could not be applied to resorcinyl flavonoids and stilbenoids, two very
common classes of natural products. Attempts to expand the application of the
reaction to heteroaromatic analogues of alkylresorcinols met also with limited
success. Thus, the pyranocoumarin ferprenin (18)32 gave the corresponding
dibenzochromene (19X wD QwWOPRUUUI wpDUT wUP Ow? E2@Gda OPDE 2

that became the exclusive reaction products with the pyranopyrone 21 (Figure 5).

toluene

20a,b (38.9%)

toluene

22a,b (33.2%)

Figure 5. Attempts to extend the chromene deconstructive annulation to isosteric cannabichromene

analogues.

Even with these limitations, the simplicity and the easy availability of its starting
material make the iodine-mediated deconstructive annulation of homo -
isoprenylchromenes to benzo[c]chromenes a remarkade example of expedite
generation of biologically relevant chemical diversity from simple building blocks,
encouraging the biological evaluation of compounds of limited availability by

isolation.
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GENERAL EXPERIMENTAL PROCEDURES. IR spectra were registered on an Avatar 370
FT-IR Techno-Nicolet apparatus. *H (500 and 400 MHz) and $3C (125 and 100 MHz)
NMR spectra were measured on Varian INOVA NMR spectrometers. Chemical shifts
were referenced to the residual solvent signal (CDCls: u+ = 7.26 c = 77.0; CROD: u+
= 3.34,1c = 55.0). Homonuclear *H connectivities were determined by the COSY
experiment. One-bond heteronuclear *H-13C connectivities were determined with the
HSQC experiment. Two- and three-bond H-13C connectivities were determined by
gradient 2D HMBC experiments optimized for a 23J =9 Hz. Low and high -resolution
ESIMS were obtained on a LTQ OrbitrapXL (Thermo Scientific) mass spectrometer.
Silica gel 60 (70 230 mesh) used for gravity column chromatography (CC) was
purchased from MachereyNagel. Flash chromatography was carried out on a Biotage
apparatus, and a Knauer HPLC instrument equipped with Phenomenex LUNA silica
gel and reverse phase columns (100 x 4.6 mm ID) was used for HPLC. Reactions were
monitored by TLC on Merck 60 F254 (0.25 mm) plates, visualized by staining with
5% H2SO: in ethanol and heating. Organic phases were dried with Na :SO: before
evaporation. Chemical reagents and solvents were from Aldrich and were used

without any further purification unless stated otherwise.

PYROLYSIS OF CANNABICHROMENE (3) in presence of silica gel. BC (100 mg, 0.32
mmol) was adsorbed onto silica (200 mg) and heated to 150 °C by microwave (CEM

Discover SP Microwave, 300 W) at regular intervals of 30 minutes for a total of 210

99



Onepot Total SynthesisfaCBN

minutes, until complete consumption of the starting material by TLC (PE -EtOAc 9:1,
Rf CBC= 0.27, Rf product mixture= 0.43). The crude product mixture was first
purified by gravity column chromatography on silica gel using 9:1 PE -EtOAc
solution as eluent to afford 68 mg of brown oil. Further HPLC purification (UV
detector set at | max 227 nm; flow 0.8 mL/min) using as eluent a gradient from
CH3sCN/H 20 (0.1% HCOOH) 7:3 to CH:CN in 25 min afforded pure cannabicitran ( 6,
18.0 mg, 0.057 mmol, 17.8% yield), &iso-cisTHC (7, 3 11.3 mg, 0.036 mmol, 11.2%
yield), and cannabicyclol (8, 31.3mg, 0.10 mmol, 31.2%). Cannabicitran,1 8 -iso-cis
THC,2 and cannabicyclol® showed spectral properties identical to those reported in

the literature.

|ODINE -MEDIATED ~ ANNULATION ~ OF  HOMO  -ISOPRENYLCHROMENES TO
BENZO [C]CHROMENES : SYNTHESIS OF CBN (5). To a stirred solution of CBC (300 mg,
0,954 mmol) in toluene (20 mL), iodine (472 mg, 1,860 mmol) was added. The mixture
was refluxed and monitored by TLC (PE -EtOAc 9:1, R CBC= 0,27, Rproduct= 0,29).
After 3 hours, the reaction was quenched by addition of sat. Na.SGs s.s. and
extraction with EtOAc. After drying (Na 2SO:) and evaporation, the residue was
purified by gravity column chromatography on silica gel with PE -EtOAc 95:5
solution to afford CBN ( 5) as a biown oil (236 mg, 82%). Onepot total synthesis of
CBN. To a stirred solution of olivetol ( 11, 100 mg, 0,554 mmol) toluene (5mL), citral
(20, 91 pL, 0,533 mmol) andn-butylamine (53 pL, 0,533 mmol) were added. The
mixture was refluxed overnight, then cooled to room temperature. Dowex 50 W X 8
(200 mg) was added, and the solution was stirred for 10 minutes at room temperature
then filtered over celite pad in a new round bottomed flask. To the filtered solution,
iodine (268 mg, 1,066 mmol) was added. The mixtue was refluxed for 3 hours, then
guenched by addition of sat. Na.SGs and extraction with EtOAc. After drying

(Na=SQ:) and evaporation, the residue was purified by gravity column

100



Onepot Total SynthesisfaCBN

chromatography on silica gel with PE -EtOAc 95:5 solution to afford CBN (5) asa
brown oil (94 mg, 0.305 mmol, 55% vyield). The spectra obtained for cannabinol (5)

matched those reported in the literature. 4

SYNTHESIS OF 14A. To a stirred solution of 13a(260 mg, 0.914 mmol) in toluene (20
mL), iodine (463 mg, 1.828 mmol) was added. The mixture was refluxed and
monitored by TLC (PE-EtOAc 9:1, R 13a= 0.55, Rproduct= 0.45). After 2 hours, the
reaction was quenched by addition of sat. Na=SQs s.s. and extraction with EtOAc.
After drying (Na 2SQu) and evaporation, the residue was purified by gravity column
chromatography on silica gel with PE -EtOAc 98:2 solution to obtain compound 14a
as a brown oil (207 mg, 80% vyield). Compound 14awas identified on the basis of a

comparison of its spectral data with those reported in the literature. °

SYNTHESIS OF 14B: To a stirred solution of 13b (300 mg, 1.161 mmol) in toluene (30
mL), iodine (590 mg, 2.323 mmol) was added. The mixture was refluxed and
monitored by TLC (PE-CH2Cl: 6:4, K 13b= 0.35, Rproduct= 0.42). After 2 hours, the
reaction was quenched by addition of sat. Na=SQs s.s. and extraction with EtOAc.
After drying (Na -SQv) and evaporation, the residue was purified by gravity column
chromatography on silica gel with PE -EtOAc 95:5 solution to afford compound
cannabiorcol (14b) as a brown solid (188 mg, 63%). Compoundl14b was identified on

the basis of a comparison of its spectral data with those reported in the literature.®

SYNTHESIS OF 14c: To a stirred solution of 13c¢ (200 mg, 0.540 mmol) in toluene(20
mL), iodine (273 mg, 1.080 mmol) was added. The mixture was refluxed and
monitored by TLC (PE-EtOAc 9:1, R 13c= 0.38, R product= 0.44). After 2 hours, the
reaction was quenched by addition of sat. Na=SQs s.s. and extraction with EtOAc.
After drying ( Na=SQu) and evaporation, the residue was purified by gravity column

chromatography on silica gel with PE -EtOAc 95:5 solution to afford compound 14c
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as a brown solid (165 mg, 83%). Compound 14c was identified on the basis of a

comparison of its spectral data with those reported in the literature. 7

SYNTHESIS OF 14D: To a stirred solution of 13d (280 mg, 0.774 mmol) in toluene (20
mL), iodine (393 mg, 1.549 mmol) was added. The mixture was refluxed and
monitored by TLC (PE-EtOAc 9:1, Rf 13d = 0.44, Rproduct = 0.46). After 2 hours, the
reaction was quenched by addition of sat. Na2SO3 s.s. and extraction with EtOAc.
After drying (Na 2SQu) and evaporation, the residue was purified by gravity column
chromatography on silica gel with PE -EtOAc 95:5 solution to afford compound 14d
as dark yellow oil (113 mg, 41%). ESIMS m/z 343 [M- H]- ; HRESIMS m/z [M - H]-
343.1700 (calcd for GiH 2302, 343.1704)H NMR (CD 0D, 700 MHz): 18.34 (1H, s, H
8), 7.267.14 (overlapped, H-7, H-4' to H-8"), 7.03 (1H, d,J= 7.0 Hz, H-8), 6.36 (1H, s,
H-2), 6.26 (1H, s, H4), 2.88 (2H, tJ= 7.2 Hz, Htue AOwl §Jx Wzl H-l GukO wl &t |
(3H, s, H-11), 1.53 (6H, s, H12, H-13).13C NMR (CD:0D, 175 MHz): 1 156.5 (G1),
155.7 (G4a), 144.2 (C10a), 143.1 (€3), 141.8 (G3'), 129.5 (G8), 129.3 (G6'), 128.3 (G
4', C-8), 128.2 (G5, C-7'), 126.9 (G10), 123.3 (C7), 110.7 (G4), 110.5 (C2), 109.8 (G
10b), 78.1 (G6), 39.0 (G1'), 38.6 (G2"), 27.5 (G12, G13), 21.6 (C11).

Reaction of CBC with N -iodosuccinimide. To a stirred solution of CBC (220 mg,
0.709 mmol) in toluene (15 mL), N-iodosuccinimide (318 mg, 1.418 mmol) was added.
The mixture was refluxed and monitored by TLC (PE -EtOAc 95:5, R CBC= 0.16, Rf
product mix A= 0.54, Rf product mix B= 0.32). After 3 hours, the reaction was
guenched by addition of sat. Na=SGs s.s. and extraction with EtOAc. After drying
(Na2SQ:) and evaporation, the residue was purified by gravity column
chromatography on silica gel with PE-EtOAc 95:5 solution to afford two major
product mixtures (A: yellow oil, 132 mg; B: brown oil, 134 mg). Further HPLC
purification of fraction A (UV detector set at | max 227 nm; flow 1.0 mL/min) using

as eluent a gradient from MeOH/H 20 (0.1% HCOOH) 8:2 to MeOH in 15 min
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afforded pure compound 17 (85 mg, 21%). Further HPLC purification of fraction B
(UV detector set atl max 227 nm; flow 1.0 mL/min) using as eluent a gradient from
MeOH/H20 (0.1% HCOOH) 6:4 to MeOH in 25 min afforded pur e compounds 15
(64.3 mg, 20.6%) andL6 (21.1 mg, 5.6%).

CoOMPOUND 15.ESIMS m/z 441 [M + H} ; HRESIMS m/z [M + H]*441.1290 (calcd for

C21H 32002, 441.1285)*H NMR (CD 0D, 700 MHz) 16.69 (1H, d,J=10.0 Hz, Hhue KO w}t &+ |
(1H, s, H-4), 5.56 (1H, dJ=10.0 Hz, Hl 7 A O wk 8Jm Y.2uHp bt @ uklDQUL 6J=1+ wpl
7.5Hz, H-hu? AOwl 8 Y NeuggA O ubrusd G uti opl -KuAGDYUl B Btk OO k) |
(3H, s, H-huY Z AOwhid k k wapl -1 © KED WHIBNOHEIxK b EOwhud t+ flw di0o'wo L
0.93 (3H, t,J= 6.4 Hz, Hk 3 ZCANMR (CDs0D, 175 MHz): % 157.8 (G1), 153.0 (G5),

143.0 (G3), 131.6 (G7'), 127.5 (G2'), 123.9 (G6'), 117.5 (G1'), 109.9 (G6), 109.4 (G4),

87.0 (G2), 77.9 (G3"), 40.9 (G4, 40.7 (G1"), 31.3 (G3"), 29.6 (G2"), 25.1 (G5'), 22.3

(C-8', CG-4"), 17.2 (G9'), 13.0 (G5").

COMPOUND 16.ESIMS m/z 567 [M + H} ; HRESIMS m/z [M + H]*567.0241 (calcd. for

CaiH 261202, 567.0251}H NMR (CD s0D, 700 MHz) » 6.63 (1H, d,J= 10.0Hz, H-hue A O w
557 (1H, d J=10.0 Hz, Hl 7z A O wk § Jul7.luldzhH QruAlO wt dIeY.Guldzl - Qw0 O
hu? AOwl 6 Y Mkuggehk Caul BOAR ' uEpAu0 10hENRUuEpAUO I0GUHOIOwp' Owd!
H-Kz EAOwhid kg koot w h@ i@k O O ud) akpedpH-| © KO8 BY wpt
H-Nz AOwhib + A KA @uOONER aigSiNR (CD OD,'175 MHz): 1 157.1

(C-1), 151.2 (G5), 146.5 (G3), 131.6 (G7'), 128.6 (G2'), 123.9 (G6"), 117.5 (G1"), 110.7

(C-6), 81.7 (G2), 80.4 (G3'), 79.0 (G4), 41.4 C-4'), 40.7 (G1"), 31.3 (G4"), 29.6 (G2"),

25.1 (G5'), 25.2 (G8'), 22.3 (G4"), 17.2 (G9'), 13.0 (G5").

COMPOUND 17.ESIMS m/z 567 [M + H} ; HRESIMS m/z [M + H]*567.0239 (calcd for
Ca1H 201202, 567.0251}H NMR (CD 30D, 700 MHz) 1 6.42 (1H, s, H4), 4.98 (1H, bs, H
21, 3.00 (1H, bs, Hluz AOw! & A +hue g Ouul GO Ul @ a8 10" WO & © Grur'gEhK O ¢
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2.16 (1H, td,J=13.9, 6.8 Hz, HK 7 E A O whud ¥ 4iE.& K6 KrEd), Q.86 (6H, s,
H-UHuY 7 A-Q.a0n@Ht n H+ 9K %4'b-5'b), 1.07 (3H, s, HN 7z A O wY 8¢ 6.2utdzt * OwO
H-k 3 AOwY & kJ= RgFh6'1 Glzy BEF BAWNMR (CD 30D, 125 MHz): % 157.7 (G1),

153.2 (G5), 143.0 (G3), 109.7 (G6), 109.4 (G4), 87.3 (G2), 86.2 (G7'), 76.7 (G3'), 45.1

(C-6"), 40.7 (G1"), 35.1 (G2, 32.0 (G4'), 31.3 (G3"), 29.6 (G2"), 28.1 (G8'), 25.5 (G

1, 23.5 (G9'), 23.2 (G10'), 22.4 (G4"), 21.5 (G5'), 13.0 (G5").

REACTION OF PYRANOPYRONES WITH IODINE . To a stirred solution of ferprenine (300
mg, 1.035 mmol) in toluene (20 mL), iodine (515 mg, 2.03 mmol) was added. The
mixture was refluxed and monitored by TLC (PE -EtOAc 9:1, R ferprenine= 0.40, R
product mix= 0.54). After 3 hours, the reaction was quenched by addition of sat.
Na:S0s; and extraction with EtOAc. After dryin g (Na:SQs) and evaporation, the
residue was purified by gravity column chromatography on silica gel to afford 180
of brown oil. Further HPLC purification (UV detector set at | max 227 nm; flow 1.0
mL/min) using as eluent a gradient from CH sCN/H 20 (0.1% HCOOH) 7:3 to CHs:CN
in 20 min afforded pure compounds 19(11.3 mg, 3.7%)20a(57.4 mg, 18.7%) and0b
(61.9 mg, 20.2%). When the same reaction and purification conditions were applied
to compound 21 (200 mg, 0.77 mmol), compounds22aand 22b (mixture 66.3 mg,

33.2%) were obtained.

COMPOUND 19.ESIMS m/z 293 [M + HJ ; HRESIMS m/z [M + H]*293.1181 (calcd. for
C19H1703, 293.1172)H NMR (CD 0D, 500 MHz) 18.41 (1H, s, H13), 7.95 (1H, d,J

= 8.0 Hz, H1), 7.66 (1H, tJ= 8.0 Hz, H-2), 7.39 (2H, overlapped, H-3, H-4), 7.23 (1H,
d, J= 7.8 Hz, H-16), 7.19 (1H, d J= 7.8 Hz, H-15), 2.38 (3H, s, H17), 1.77 (6H, s, H18

19).3C NMR (CD:0D, 125 MHz) 1 164.5 (G9), 159.8 (G7), 152.3 (G5), 144.2 (G11),

137.9 (C14), 132.24-2), 131.2 (G6), 129.4 (G15), 124.8 (C13), 124.7 (C3), 123.7 (G1),

123.5 (G12), 122.5 (C16), 116.1 (C4), 101.9 (G8), 81.1 (G10), 25.2 (G18, G-19), 20.0
(C-17).
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COMPOUND 20A. ESIMS m/z 297 [M + H} ; HRESIMS m/z [M + H]* 297.1501 (calcd
for C1sH 2103, 297.1485}H NMR (CD 0D, 500 MHz) 1 7.86 (1H, d,J= 7.8 Hz, H1),

7.58 (1H, t,J=7.8 Hz, H-3), 7.31 (1H, tJ= 7.8 Hz, H-2), 7.29 (1H, d, J = 7.8 Hz, H}),

4.18 (1H, bs, H12), 2.57 (1H, dd,J=14.9, 5.4 Hz, H14a), 2.12 (1H, dt J=13.8, 2.4 K,

H15a), 1.96 (1H, dd J=13.3, 2.2 Hz, H11a), 1.93 (3H, s, H19), 1.89 (1H, overlapped,
H11b), 1.81 (1H, overlapped, H-14b), 1.69 (3H, s, H18), 1.67 (1H, overlapped, H15b),

1.53 (3H, s, H17). 13C NMR (CD:0D, 125 MHz) 1 164.5 (G9), 162.1 (G7), 1532 (C-5),

130.1 (G3), 127.4 (G13), 123.0 (C16), 122.3 (C2), 120.6 (C1), 114.6 (G4), 79.4 (G10),

38.2 (G15), 34.7 (G11), 28.7 (G12), 25.3 (C17), 20.5 (G14), 18.2 (G18), 17.8 (G19).

COMPOUND 20B. ESIMS m/z 297 [M + H} ; HRESIMS m/z [M + H]* 297.1481 (calcd
for C1H2103, 297.1485¥H NMR (CD s0D, 500 MHz) % 7.81 (1H, d J= 7.8 Hz, H1),
7.57 (1H, t,J= 7.9 Hz, H-3), 7.32 (1H, overlapped, H2), 7.30 (1H, overlapped, H4),
5.32 (1H, t,J= 3.1 Hz, H-14), 3.69 (1H, t J= 3.3 Hz, H-12), 2.542.51 (3H, overlapped,
H-11-16), 2.11 (1H, dd J=13.02, 3.3 Hz, H15a) 1.88 (1H, dJ= 13.0 Hz, H15b), 1.65
(3H, s, H17), 1.12 (3H, ¢ J= 6.8 Hz, H19), 1.00 (3H, d J= 6.8 Hz, H18). 3C NMR

(CDs0OD, 125 MHz) 1 164.9 (G9), 162.1 (G7), 153.6 (G5), 150.7 (G13), 132.9 (C3),
125.3 (G2), 123.6 (G1), 117.4 (G4), 116.3 (G14), 105.3 (G8), 80.4 (G10), 41.6 (C11),
35.6 (G15), 33.7 (G16), 30.1 (G12), 28.3 (G17), 22.7 (C18), 21.1 (G19).
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ABSTRACT: Spurred by a growing interest in cannabidiolqui-
none (CBDQ, HU-313, 2) as a degradation marker and alledged
hepatotoxic metabolite of cannabidiol (CBD, 1), we performed a

systematic study on the oxidation of CBD (1) to CBDQ (2) under

a variety of experimental conditions (base-catalyzed aerobic

oxidation, oxidation with metals, oxidation with hypervalent iodine ‘ OH

reagents). The best results in terms of reproducibility and 3 T N
scalability were obtained with AS-periodinanes (Dess-Martin ~ \ 6 O Oxidation ™\
periodinane, 1-hydroxy-1/15,2-benziodoxole-1,3-dione (IBX), and ? o
SIBX, a stabilized, nonexplosive version of IBX). With these J

reagents, the oxidative dimerization that plagues the reaction under
basic aerobic conditions was completely suppressed. A different
reaction course was observed with the copper(II) chloride-
hydroxylamine complex (Takehira reagent), which afforded a mixture of the hydroxyiminodienone 11 and the halogenated
resorcinol 12. The A>-periodinane oxidation was general for phytocannabinoids, turning cannabigerol (CBG, 18), cannabichromene
(CBC, 10), and cannabinol (CBN, 19) into their corresponding hydroxyquinones (20, 21, and 22, respectively). All
cannabinoquinoids modulated to a various extent peroxisome proliferator-activated receptor gamma (PPAR-y) activity,
outperforming their parent resorcinols in terms of potency, but the iminoquinone 11, the quinone dimers 3 and 23, and the
haloresorcinol 12 were inactive, suggesting a specific role for the monomeric hydroxyquinone moiety in the interaction with PPAR-y.






The Oxidation Of Phytocannabinoids

ABSTRACT

Spurred by a growing interest in cannabidiolguinone (CBDQ, HU-313, 2) as a
degradation marker and alleged hepatotoxic metabolite of cannabidiol (CBD, 1), we
have carried out a systematic study on the oxidation of CBD (1) to CBDQ (2) under a
variety of experimental conditions (base-catalyzed aerobic oxidation, oxidation with
metals, oxidation with hypervalent iodine reagents). The best results in terms of
Ul xUOEUEDPEDODPUA wEOE w UE E O Efefodiratka @MR, IBX,w OEUE
SIBX). With these reagents the oxidative dimerization that plagues the reaction
under basic aerobic conditions was completely suppressed. A different reaction
course was observed with the copper (Il) chloride -hydroxylamine complex (Takehira
reagent), that afforded a mixture of the hydroxyiminoquinone 11 and the
halogenated resorcinol 12. The MW-periodinane oxidation was general for
phytocannabinoids, turning cannabigerol (CBG, 18), cannabichromene (CBC, 10),
and cannabinol (CBN, 19) into their corresponding hydroxyquinones ( 20, 21, and 22,
respectively). All cannabinoquinoids modulated to a various extent PPAR A activity,
outperforming their parent resorcinols in terms of potency, but the iminoquinone 11,
the quinone dimers 3 and 23, and the haloresorcinol 12 were inactive, suggesting a
specific role for the monomeric hydroxyquinone moiety in the interaction with

PPAR-w

Color development has played a significant role in the early studies on Cannabis
(Cannabis satival.) and cannabinoids. Thus, the first phytocannabinoids were
purified from Cannabisred oil, a deep-red high-vacuum distillation fraction of
Cannabis extracts2 A red -purple color was also observed when fiber hemp or hashish
were treated with methanolic KOH. 3 Under these conditions, the development of a

color is specific for Cannabisand Cannabisderived products (marijuana, hashish), 4
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and the reaction has long been proved as an expeditious method for their
identification in a forensic context (Beam test)4.

The nature of the pigment from Cannabisred oil is still unclear, but color formation
in the Beam test is the result of the aerobic oxidation of cannabidiol (CBD, 1) to the
hydroxyquinone 2 (cannabidiolquinone, CBDQ, HU -331)7 a compound that has
attracted considerable interest because of its slective anticancer activity®? and
catalytic inhibitory properties on topoisomerase Il a.8 While development of 2 as a
drug was abandoned, possibly because of unfavorable stability properties (vide infrg)
and cellular toxicity, ?distinct lines of research rekindled interest in this compound .
Thus, microsomal formation of 2 from CBD (1) has been associated td?450 covalent
inhibition and perturbation of hepatic xenobiotics metabolism, ° and a similar
process could also underlie the liver toxicity reported fo r high dosages of CBD1!
Furthermore, 2 is formed during long -term storage of CBD under aerobic
conditions, 2and its availability is therefore important for quality control of this API

(Active Pharmaceutical Ingredient).

Despite the convergence of interest for CBDQ (2) from various areas of cannabinoid
research, its only reported synthesis is the one inspired by the Beam test, that is, the

aerobic oxidation of CBD in a cooled biphasic petroleum ether / 5% ethanolic KOH
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system58Under these conditions, yields are erratic, scaledependent, and modest (ca
20% at best)zéwhile significant amounts of the dimeric quinone 3are also formed by
oxidative dimerization of CBDQ. 5 Both reaction products, especially 3, are unstable
and rapidly t urn into a complex mixture of polar compounds. ® In our hands, the
oxidation reaction was poorly reproducible, and could not be scaled up over a few
hundred milligrams of starting material, even when air or 80% oxygen were bubbled
into the biphasic reaction system. A more reproducible behavior was observed with
KH or LiH in THF or toluene under heterogeneous conditions but scale up was still
problematic. While Beam-type oxidation strategies were eventually abandoned, their
mechanism is worth mentioning. Thu s, the reaction is presumably triggered by
formation of a phenolate anion, next oxidized to an electrophilic radical ( 4) that adds
to dioxygen to form a hydroperoxy radical. The latter is reduced to the corresponding
anion (5) by a second phenolate ion, ard, after tautomerization to 6, the hydroperoxy
anion is trapped by the paracarbonyl group. This generates the bridged keto-
peroxyhemiacetal 7, whose a-deprotonation triggers cleavage of the peroxidic bond,

eventually affording the hydroxylated quinone 2 via the hydrate 8 (Figure 1).

OH 1 -H* OH . OH
_c-e_ te
N\
HO CsHyq ‘0 C-H 0 CsHy4
N H “0-0©
Ne
&
1 4 5
HQ)Et
<O OH Ho0°
R R R
H ——H — 2
H
O C H11 o) o CsH11 o) CSH'H
H 0-0© HA
6 7 8

Figure 1. Possible mechanism of the basediated aerobic formation of cannabidiolquinone (CBR)Jrom

cannabidiol (CBD 1) in ethanolic KOH. (R= $-menthal,8-dienyl).
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This process is reminiscent of the transformation of vitamin K hydroquinone into its
epoxyquinone form, 1 and the mechanism outlined in Figure 1 could explain the
sensitivity of the reaction to radical traps like BHT as well as the unreactivity of
mono-alkylated phytocannabinoids, like Dr-tetrahydrocannabinol (D°-THC, 9) and
cannabichromene (CBC, 10), where the prototropic equilibrium required for the
formation of the peroxyhemiacetal is not possible (cf. the formation of 6 from 5 in

Scheme 1).

OH OH

/f\o o)

The reaction profile of the Beam test wasbasically replicated, without any substantial
improvement of yield, by metal oxidants [FeCl s, Ks[Fe(CN)s], MnO2, Cr*¢-based
reagents, CuCl, CuCk Ag-0, NH sCe(NOs)s] under both catalytic and stoichiometric
conditions, as well as by peroxides (TBHP, basic H202), with significant amounts of
the dimer 3 being always formed under basic conditions or during the long reaction
times required to achieve a significant conversion. A surprising and notable
exception was the behaviour of the Takehira complex (CuClz-hydroxylamine), that
afforded a mixture of the hydroxyiminodienone 11 and the chlororesorcinol 12. The
regioselectivity of the formation of 11 was deduced from the diagnostic 3J HMBC

crosspeaks of H-rue ¢ wp DUT wUT T wi aEUORaADOPOOEEUEOOa Ouwl
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12

The Takehira complex was originally developed for the oxidation of
methylpolyphenols to their corresponding hydroxyquinones, 4 a reaction of
relevance for the industrial synthesis of vitamin E, 4 and was later modified by
replacement of hydroxylamine with other nitrogen bases. 15 In control experiments,
copper (Il) chloride alone gave CBDQ (2) and the dimer 3 as the only reaction
product, while the quinone 2 did not react with hydroxylamine, suggesting a role for
hydroxylamine in the chemoselective halogenation reaction, possibly via the
generation of an N-chlorinated species, and of copper (Il) in the activation of the
guinonecarbonyl carbon toward nucleophilic attack by hydroxylamine.

Hypervalent iodine derivatives have become increasingly popular for a wide range
of oxidative reactions,¢ and bis(trifluoroacetoxy)iodobenzene (BTIB) was reported
to oxidize the mono-O-alkylated cannabinoid D*-THC (9), otherwise unreactive in
Beamtype oxidations, ¢ to its corresponding hydroxyquinone. ¢ This | 3-iodane was
also able to oxidize CBD to CBDQ , butl 5 iodanes like 2-iodoxybenzoic acid (1-
hydroxy -1-15,2-benziodoxole-1,3-dione, IBX, 13)'7 and the DessMartin periodinane
(DMP) 18 gave much better and more reproducible yields, with a stabilized and not
explosive version of IBX (SIBX)® emerging as the reagent of choice. The superior
behaviour of SIBX compared to IBX might be related to the acidity of the stabilizing
matrix (isophtalic - and benzoic acids), that could help the hydrolytic cleavage of

iodic esters formed in the reaction.®
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Figure 2. Possible mechanism for thr SIBXmediated formation of cannabidiolquinone (CBDQ, 2)

from cannabidiol (CBD (1) (R= 3p-mentha-1,8E D1 Oa GPantylz wa w

The oxidation is presumably initiated by the sigmatropic rearrangement of the
iodine -oxygen bond in the mixed W iodane ester14formed by interaction of IBX and
the Chue wxT 1 OOOPEwWI aEUOR A wT UOU xlutdegoidd [5Jdften | A8 wi :
oxidation to the corresponding W-iodane 16, is transformed by [3.3]-sigmatropic
rearrangement of the carbon-oxygen bond into the C-K &®indinane 17, with ¢-
elimination eventually generating the hydroxyquinone 2 and a reduced ¥3-iodinane.
Remarkably, dimerization was completely suppressed under iodinane oxidation,
and yields in the range of 50-60% could be obtained at multigram reaction scale.
CBDQ, an orange powder,2 is unstable in solution, rapidly degrading in both protic
(methanol) and aprotic (acetone, CHCIs) solvents, with generation of the more polar
dimer 3 next to a host of uncharacterized more polar products. On the other hand, it
could be stored for at least 10 months as a powder att 18 °C in a sealed flask, or for

additional time as a frozen benzene or DMSO solution at 4 °C 2t
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The oxidation with SIBX is general for phytocannabinoids, and, apart from
cannabigerol (18), it could also be applied to mono-etherified compounds
[cannabichromene (CBC, 10), cannabinol (19)] that are unreactive under Beam-test

conditions, to afford their corresponding hydroxyquinones 20-22.

OH OH
) ®
| HO 0

19

CBDQ (2) has been reported to be nornarcotic,® and lacks significant affinity for CB 1
and CBzreceptors? Nevertheless, it showed powerful modulating activity on PPAR -
@22and various degrees of PPARwactivating activity were also shown by the other
cannabinoquinoids (Table 1). However, dimerization was detrimental for activity,

and dimeric quinones were devoid of significant activity in PPAR tractivity assays.z
Dimeric quinones are axially chiral, and, since enantiomeric cannabinoids can show
markedly dif ferent profiles of bioactivity, 2 the one from CBG (CBGQ, 23), was
resolved by chromatography on a chiral -phase column packed with amylose-tris(5-

chloro-2-methylphenylcarbamate). However, both the (aR)and the (aS)enantiomers
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turned out to be inactive.? Similarly, the hydroxyiminodienone 11 and the

chlorinated resorcinol 12were also devoid of activity. 23

Compound ECso
1 > 254M
10 > 254M
18 15.74M
19 > 254M
2 1054M
21 147 M
20 494M
22 2314M

Corresponding Cannabinoquinones (2, 21,20, 2& 6 whuws , w1l OUDPT OPUEA&A OOI wbEL
Control for PPAR-ww E U D Y EFoldIduGoticop kvigr Basal Activity).

In conclusion, we have developed a reproducible and scalable synthesis of
cannabinoquinoids, including CBDQ ( 2), significantly enhancing access to this
compound of relevance not only for its bioactivity profile, but also for the analytics

of CBD, the study of its binding to P450 apoproteins, and its effects on liver function.
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EXPERIMENTAL SECTION

GENERAL EXPERIMENTAL PROCEDURES. IR spectra were recorded on an Avatar 370
FT-IR Techno-Nicolet apparatus. *H (400 and 500 MHz) and $3C (100 and 125 MHz)
NMR spectra were measured on Varian INOVA NMR spectrometers. Chemical shifts
were referenced to the residual solvent signal (methanol-ds0 wé wt Gct=KIDAuoK
CDClz0 wé&wA cl= D HomonuclearH connectivities were determined by the
COSY experiment. Onebond heteronuclear tH-13C connectivities were determined
with the HSQC experiment. Two - and three-bond H-13C connectivities were
determined by gradient 2D HMBC experiments optimized for a 23J= 9 Hz. Low- and
high-resolution ESIMS data were determined on an LTQ OrbitrapXL (Thermo
Scientific) mass spectrometer.

Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plats, visualized by
staining with 5% H 2SO in EtOH and heating. Organic phases were dried with
Na:SO: before evaporation. Chemical reagents and solvents were purchased form
Sigma-Aldrich (Germany) and were used without further purification unless stated
otherwise. Petroleum ether with boiling point of 40 -60 °C was used.Silica gel 60 (70

230 mesh) used for gravity column chromatography (GCC).

SIBX OXIDATION OF PHYTOCANNABINOIDS . REACTION WITH CBD (1) AS EXAMPLE .
To a cooled (ice bath) solution of CBD (5 g, 156 mmol) in EtOAc (75 mL), SIBX (21.1
g, 31,5 mmol, 2 molar equiv.) was added in six portions of ca 5 g each. The cooling
bath was removed, the suspension was stirred at room temp. for 18 h, and then
filtered over a pad of Celite. The filtration cake was w ashed with EtOAc (50 mL), and
the pooled filtrates were washed with sat. Na 2503 (4 x 75 mL), and next with brine.
After drying and evaporation, the residue was purified by GCC on silica gel (150 g,

petroleum ether-EtOAc 9:1 as eluant) to obtain a brown oil that solidified upon
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storing in the refrigerator. Washing with cold petroleum ether removed some of the

coloured impurities, and afforded an orange powder (3.17 g, 61%). The same protocol

was used for the oxidation and the purification of the other phytocannabinoids
investigated (CBC, 10; CBG, 18, CBN, 19). The scale was 10200 mg, and the yield

were 59, (CBCQ,21), 37 (CBGQ,20), and 58%, (CBNQ,22).

CANNABIGEROQUINONE (CBGQ, 20): red powder, IR 3nax (KBr disc): 3272, 2955, 2923,

2856, 1644, 1637, 1350,1316, 1191, 1175, 586;¢M NMR (CDCl:OwKY Y w, ' & A wx u
(1H, s, OH), 6.45 (1H bs, H-l ¢ A O wk 8Jm ¥ .4udphiH-2)) 5004 QLH) t,J= 6.7 Hz, H-

7), 3.13 (2H, d,J= 7.4 Hz, H1), 2.41 (2H, tJ= 7.6, Hhue & ADA0 k4B, NH-4, H-5),

1.73 (3H, s, H8), 1.64 (3H, s, H9), 1.57 (3H, s, H10), 1.50 (2H, m, Hl ¢ ¢ AOwhidt t w
H- & eieue A O wy F8)8 Hiaph-k O0AMRUCDCI:O why Y w, " & Awy whWA
150.9, 145.1, 137.3, 134.4, 131.5, 124.3, 120.2, 119.7, 39.8, 31.5, 28.3, 27.4, 26.7, 25.8, 22.5,
22.0,17.8, 16.3, 14.0; ESIM®/z 331 [M + H]*; HRESIMSm/z 331.22@ [M + H]+*, calcd.

for C21H3103, 331.2268.

CANNABICHROMENQUINONE  (CBCQ, 21):red oil, IR Jnax (KBr disc): 2957, 2926, 2852,

1648, 1580, 1324, 1078, 969, 891gmH NMR (CDCI s, 400 MHz) 6.47 (1H, d,J= 9.9

Hz, H-1), 6.40 (1H, bs, HI ¢ & O wk & J=19.QildzhH-20) G Qid, t.J= 6.9 Hz, H-6),

2.39 (2H, t,J = 7.6 Hz, H1¢),e2.08 (1H, m, H5a), 1.88 (1H, m, H5b), 1.66 (2H,
overlapped, H-4), 1.64 (3H, s, H8), 1.55 (3H, s, H9), 1.49 (2H, m, H2¢),£1.46 (3H, s,

H-10), 1.32 (4H, m, H3¢, #1-4¢€),£0.89 (3H, t,J= 6.7 Hz, H-5¢);e:3C NMR (CDCl s, 100

MHz) »184.6, 181.9, 150.8, 147.7,132.2,131.4, 128.8, 123.4, 115.4, 115.0, 83.0, 41.5, 31.4,
28.7, 27.4, 27.3, 25.6, 22.6, 22.4, 17.7, 1&ESIMS m/z 329 [M + H]*; HRESIMS m/z
329.2107 [M + H}, calcd for CaiH 2003, 329.2111.

CANNABINOLQUINONE  (CBNQ, 22): red ail, IR 3nax (KBr disc): 2955, 2924, 2855, 1649,
1382, 1145, 1110, 811 cin'H NMR (CDCI 3, 400 MHz) 18.30 (1H, s, H2), 7.09 (1H, d,
J=7.9 Hz, H6), 7.02 (1H, d,J= 7.9 Hz, H5), 6.63 (1H,tJ=14Hz, Hl ¢ AOwl 6 KY wpl

118



The Oxidation Of Phytocannabinoids

J=7.7 Hz, H1"), 2.36 (3H, s, H7), 1.69 (6H, s, H9, H-10), 1.56 (2H, m, H2¢),€1.32 (4H,

m, H-3¢, Bl-4€),8.90 (3H, t,J=6.8 Hz, H-5¢);¢3C NMR (CDCl s, 100 MHz) %180.2, 175.3,

163.3, 144.7, 138.1, 133.8, 131.8, 128.9, 125.7, 122.3, 111.0, 82.7, 53.6, 31.6, 29.8, 29.0,
28.3,27.4,22.4,21.4, 13.9; ESIM8z 325 [M + H]*; HRESIMSm/z 325.1791 [M + H},

calcd. for C2iH 2503, 325.1798.

DIMERIC CANNABIGEROQUINONE (23)AND CHIRAL -PHASE CHROMATOGRAPHY : red

powder, IR 3nax (KBr disc): 3280, 2955, 1350, 1188, ciytH NMR (CDClsO wK Y Y w, ' & A u
6.98 (1H, s, OH), 5.17 (1H, tJ= 7.4 Hz, H-2), 5.06 (1H, tJ=6.7 Hz, H-7), 3.16 (2H,d,

J= 7.4 Hz, H1), 2.32 (2H, tJ= 7.6, Hhue & A D0 4B, ynkH4, H-5), 1.73 (3H, s, H

8), 1.64 (3H, s, H9), 1.57 (3H, s, H10), 1.49 (2H, m, Hl € ¢ A O whud -+l susdDiue & WO QC
0.89 (3H, t,J= 6.8 Hz, Hk £ & A 8 unf B45 [M2+cH]t; HRESIMS m/z 645.4159 [M +

H]+, calcd. for CaiH 5706, 645.4155.

A sample of compound 23 (2.0 mg) was separated on a chiraix | EUIl w+ UR w Kk t
Amylose-2 250 x 4.60 mm column, Phenomenex, eluenin-hexane/isopropanol 9:1

(0.2% TFA) with a flow of 0.7 mL/min and two peaks wer e obtained with Rt = 8 min

(0.9 mg) and Rt = 13 min (0.7 mg).

OXIDATION OF CANNABIDIOL (CBD, 1) WITH THE TAKEHIRA REAGENT: To a stirred
solution of CBD (1, 200 mg, 0,64 mmol) in toluenet tert-butanol (3:1, 20 mL), copper
(1) chloride (43 mg, 0,32 mmol, 0,5 molar equiv.) and hydroxylamine hydrochloride
(22 mg, 0,32 mmol, 0,5 molar equiv.) were added. The solution turned from yellow
to brown, and was stirred for 2 hours at room temp., worked up by dilution with 2N
H2SOy, and extraction with EtOAc. The organic phase was washed with brine, dried
with Na 2SOy, filtered, and evaporated. The residue was purified by GCC (5 g silica
gel, petroleum ether-EtOAc gradient, from to petroleum ether to 95:5 petroleum

ether $ EtOACc as eluent) to give 12 (135 mg, 34%) and11 (20%).
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H YDROXYIMINOCANNABIQUINONE  (11): Brownish oil, IR 3nax (KBr disc): 2960, 2924,

2856, 1617, 1420, 1420, 1260, 1092, 1016, 797, NMR (methanol -ds, 400 MHz) 1

6.25 (1H, s, Hl € A O wk & hy2),ud GE1HOSUH9E) 14!49 (1H, s, HIb), 3.82 (1H, m,

H-3), 2.92 (1H, td,J= 11.7, 3.2 Hz, H4), 2.70 (2H, t,J= 7.5 Hz, H-1¢),£2.18 (1H, m, H

6a), 1.99 (1H, m, H6b), 1.73 (2H, overlapped, H5), 1.65 (3H, s, H7), 1.63 (3H, s, H

10), 1.60 (2H, overlapped, H2¢),e1.34 (2H, overlapped, H-3¢),£1.33 (2H, overlapped,
H-4¢),60.91 (3H, t,J= 6.9 Hz,H-5¢);¢3C NMR (methanol -ds, 100 MHz) % 176.3 (Gtue & O w
168.1 (Gk ¢ A O wksk W48.T (Gloz" A O w RKKe UKGOhuwkdp,"126.6 (GA)p'120.6 (Gl ¢ AOw
119.1 (Gt & A O w FOA5® (B4)86.2 (G3), 32.8 (G3¢),£31.6 (G6), 31.5 (Gle),£30.8

(C-5), 30.5 (G2¢),£23.6 (G7), 23.5 (G4e),£191 (C-10), 14.3 (G5¢) e ESIMSmM/z 344 [M +

H]* HRESIMSm/z344.2210 [M + H} calcd for C21H3NO 3, 344.2220.

2-CHLOROCANNABIDIOL  (12): Yellow oil, IR 3nax (KBr disc): 3500, 3421, 2962, 2924,

2859, 1623, 1421, 1258, 1193, 1054, 888, 817, 698 ¢#MMIMR ( methanol-ds, 400 MHz):

nuwt 61 hwipk'’A Owl O W-R),ud by 1H) su9@)us.44 (1H, s, HIb), 3.99 (1H,

m, H-3), 2.95 (1H, m, H4), 2.56 (2H, tJ= 7.4 Hz, H-1¢),2.20 (1H, m, H5a), 2.01 (1H,

d, J= 17.1 Hz, H5b), 1.76 (2H, m, H6), 1.68 (3H,s, H-7), 1.65 (3H, s, H10), 1.56 (2H,

m, H-2¢),e1.35 (4H, m, H-3¢-4g).¢0.91 (3H, t,J= 6.8 Hz, H-5¢);&3C NMR (methanol -ds,

Yy Yw, " a A0 wywhukt 6 vOwhik | 8 A Owhuk Y81 OQwhit N6+ Owhut
34.7, 32.7, 31.7, 30.7, 30.5, 23.7, 23.5, 19.3, 14.4. EQMW&349, 351 [M + H}ratio 3:1;
HRESIMS m/z [M + H] *349.1919 (calcd for GiHs0*ClO-, 349.1929).

PPARWACTIVITY EVALUATION :Human embryonic kidney epithelial cells 293T cells

were obtained from the American Type Culture Collection (CRL -3216) and cultured

in DMEM supplemented with 10% FCS and antibiotics. To analyze PPAR-w w
transcriptional activity HEK -293T cells were cultured in 24-well plates (2x104
cells/well) and transiently co -transfected with GAL4 -PPAR-ww pk Y w OFHuE w & +

(firefly luciferase, 50 ng) vectors using Roti-Fect (Carl Roth, Karlsruhe, Germany).
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Twenty hours after transfection the cells were stimulated with increasing
concentrations of the compounds for 6 h and luciferase activities were quantified
using Dual-+ UEDPI 1 UEUIl w UUEawm/ UOOI T EOQOwW, EEPUOOOW
Cayman Chemical, MI, USA), was used as a positive control for PPARwmwEE UDVYE UD
(50-fold induction over basal activity). Test compounds and controls stocks were
prepared in DMSO and the final concentration of the solvent was always less than
0.5% v/v. The plasmid GAL4-PPARwWwWw P EUWOEUEDOI Ewi UOOw/ UOI &
(Dalhousie University, Canada). Half-maximal effective concentration (ECso) was
estimated using Prism software (GraphPad). All transfection experiments were

performed at least three times.
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Regiodivergent Synthesis

ABSTRACT

Spurred by the remarkable biological profile of cannabinoquinoids, we have
systematically investigated the periodinane oxidation of their resorcinolic
precursors, discovering that the regiochemistry of oxidation, a critical maneuver for
bioactivity, depends not only on the nature of the oxidant ( W3- vs 15-iodanes), but also
on post-oxidative prototropic - and valence tautomeric equilibria that isomerize ortho-
guinones to paraquinones. By complementary selection of the periodinane oxidant
and by freezing prototropic equilibration with  O-methylation, isomeric ortho- and
paraquinones could be obtained from mono - and diphenoli ¢ cannabinoids, setting
the stage for the exploration of novel areas of the biological space, and establishing a
blueprint for the extension of this strategy to other classes of bioactive

alkylresorcinols .

INTRODUCTION
The development of a deep-violet col or upon treatment of hashish with bases under
aerobic conditions was first re-ported in 1911, at the outset of studies on
cannabinoids.! This chromatic oxidative reaction (Beam test) was then extensively
used as a forensic assay for narcoticcannabig(hashish, marijuana), even though, as
studies progressed, it became clear that only nonnarcotic diphenolic cannabinoids
like cannabidiol (CBD, 1a, Figure 1) and cannabigerol (CBG, 2a) develop a color
under the conditions of the assay.” The hydroxylated paraquinone structures 3aand
4a were assigned to the colored pigments formed by oxidation of, respectively,
CBD and CBG (@a and 4a, respedively), @ but the nature of the quinones obtained
cannabinol (CBN, 6a) was long debated® In these compounds, the tautomeric

interconversion of o- and p-hydroxyquinoid forms i s locked (Scheme 1), and both
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structures can, in principle, exist (see infr These uncertainties were eventually
clarified by an X-UEaAa wUUUEa wOi wUT 1 w gtidéeé pheyliodind UOT E w
(INbis(trifluoroacetate), PIFA] oxidation OIi w-THC (5b) and CBN (6a),
unambiguously assigning a p-quinone structure to both oxidation products ( 7b and
8a, respectively).Bl A p-quinone structure was then assigned by default to all

cannabinoquinoids next reported by isolation 151 or by semi-synthesis. 67

0 OH
S ®
] RO o R
(e}
0 R
R s5a A n_C5H11 6a I’I-C5H11
4a H 5b A% n-CgHy; 6b -C(Me),CgH 13
4b Me 5¢c A8 -C(Me),CgHq3

i

0]
(L,
o

HO n-CsH 1
0]
R
7a Ag 8a n—C5H11 9
7b A8 8b C(Me),CeH13

Figure 1. Examples of cannabinoids and cannabinoquinoids
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o} o} OH
R2 R2 R2
HO R 0 R o R
o} o} o}
A B C

Scheme 1Tautomeric interconversion of hydroxy and pcannabinoquinoids (R alkyl, R = terpenyl).

After an initial and then faded excitement for the selective anti -cancer activity of
cannabinoquinoids,® interest was re-kindled by the discovery of the
immunomodulating properties of VCE.004.8 (9),7 a 2aminoalkylderivative of
cannabidiolquinone (CBDQ, 3a) currently undergoing Phase Il clinical development
under orphan drug designatio n in EU and USA and fast track status in USA for
systemic sclerosis, an autoimmune diseases! An improved and scalable synthesis of
CBDQ (3a) was developed using SIBX[®! a non-explosive formulation of the W5-
iodane iodoxybenzoic acid (IBX) as the oxidant,*® while the electrochemical version
of the oxidation of cannabinoids to cannabinoquinoids was investigated in the
context of the development of a marijuana breathalyzer based on the formation of
the quinone 7ail U O GTHC (5a).t4 These developments provided a rationale to

systematically explore the chemical and biological space of cannabinoquinoids.

RESULTS AND DISCUSSION

Cannabinoquinones are chemically unstable, and O-methylation was investigated as
a stabilizing maneuver alter native to the azaMichael addition/dehydrogenation

strategy that led to the discovery of VCEO004.8["1 Two alkylation strategies were
investigated, namely, the direct methylation of CBDQ ( 3a), the SIBX oxidation
product of CBD, ¥ or, alternatively, the SIBX oxidation of O-methyl CBD (1b), a

natural constituent of cannabig!? Despite the use of the same iodane oxidant, the two
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strategies afforded a different quinone as the only reaction product (3b and 10,
respectively) (Scheme 2). O-Methylation of cannabi noquinoids is associated to
modulation properties on the NRF2-BACH1 axis, a phenotype not expressed by their
corresponding natural phytocannabinoids and quinones.[*3l

The relevance of this profile for the management of neurodegenerative diseases(t?
made the clarification of the structure of the methylation products and of the

regiochemical aspects of their synthesis a critical issue.

Scheme2. Chemoselective formation of isomeflemethylcannabinoquinones

The 'H NMR spectra of the isomeric quinoids 3b/10 were very similar, but two
distinctive differences were present in the low -field region of their 13C NMR spectra.
Thus, the methoxy-substituted olefin carbon (C-k z A wU 1 U & & Dih 1B, @rd 4 w
156.8 in3b, and also the carbonyl signals were shifted downfield in 10 compared to
3b (1 187.8 and 184.1 v34180,6 and 178.6)Due to its more electrophil ic nature, an

ortho-quinone carbonyl is a better electron sink than a paraquinone carbonyl for the
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Ol UOOI UPEWETI OOEEOPAEUDOOW O wnéiHory wréup.aThel Ow 0O
contribution of the dipolar resonance form where C -k z wb Uwx EUU wOrd, mEOw O
therefore larger in ortho-cannabinoquinones compared to paracannabinoquinones

@2ET 1 Ol wt KAOWUEUDPOOEODPA&ADOT wlUii1DwhénEcahardtloE Op O
3b.

© NG
R2 0 R?
@ ®
MeO R MeO R’
O
A B

Scheme3. Dipolar resonance formulas of methesybstitutedrtho- andpara-cannabinoquinones {R n-CsHaz,
R? = terpenyl).

Additionally, a NOESY correlation between the methoxy group and the single
quinone proton (H -K z ul® 6-u z uBl) as observed only in 10. Overall, these
observations identified 3b as aparaquinone, and 10as anortho-quinone, establishing
a simple and clear-cut differentiation between compounds of the two classes,
additionally supported by a set of 2D NMR experiments. Similar observations were
done for the preparation of O-methylcannabigeroquinone (O-methyl CBGQ) by
methylation of the corresponding quinone (CBGQ, 4a), or, alternatively, by oxidation
of O-methylcannabigerol (2b), providing a second pair of isomeric quinones (4b and

11, respectively) whose spectroscopic features fully matched those of the3b/10 pair.
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SIBX has been reported to selectively oxidize 2alkylphenols to 2-
hydroxycyclohexadienones (o-quinols), and some simple phenols lacking o
substituents to o-quinones,s with the tendency for functionalization of the ortho
position being also backed up by DFT calculations.l*8l The opposite site-selectivity
observed with CBD (1a) and CBG (a)% is presumably the result of tautomeric
isomerization of originally formed o-quinones (Scheme 1, C) to their more stable and
intramolecularly hydrogen -bonded para-tautomers (Scheme 1, A). On this basis, the
impossibility of tautomeric equilibration could provide a simple explanation as to
why the oxidation of the O-methyl analogues of CBD and CBG (lb and 2b,
respectively) gave exclusively o-quinones and not the p-quinones obtained from their

corresponding resorcinols.

13a n-C5H11
13b -C(Me)z-CGH13

14a n-C5H11
14b -C(Me)z-C6H13

Figure 2. Additional cannabinoquinoids synthesized. TB&r-butyldimethylsilyl.

A similar chemoselectivity was also observed with monophenolic cannabinoids

where one resorcinolic oxygen is linked by an ether bond to the isoprenoid moiety
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Z &THC (5b), CBN (6a), and their dimethylheptyl analogues ( 5c, 6b)]. All these
compounds afforded o-quinones as the only reaction products (13a 14a 13b, and
14b, respectively).l '8 Conversely, the oxidation of A 8&-THC (5b) and CBN (6@) with
the Ws-periodinane PIFA exclusively afforded the p-quinones 7b and 8a in
accordance to the literature report.B! To demonstrate the post-oxidative
tautomerization of hydroxy o-quinones to hydroxy p-quinones, an attempt was
undertaken to oxidize the monosilyl ether of CBD ( 1¢) to the o-quinone 12, expected
to next generate the p-quinone 3a by desilylation . However, the acidity of SIBX led
to silyl loss in the course of the reaction, and 3awas, instead, directly obtained.

A tautomeric equilibrium of different type could underlie the exclusive formation of
the p-quinones 16aand 16b from the SIBX oxidation of cannabichromene (CBC,153)
and its dimethylheptyl analogue ( 15b) (Figure 3).

H (0]
1 ) 1'
10 . 2/ 6 o =

R2 . 3 3' ] R2 X ]

s 7 % 5 M O s R O R
R’ R? R ° R?
15a n-C5H11 H 16a n—C5H11 H
15b -C(Me),-CgHq3 H 16b -C(Me),-CgH43 H

15¢ -C)Me),-CgH43 geranyl 16c -C(Me),-CgHq3 geranyl

17

Figure 3. Quinones formed from the oxidation of cannabichrorigpe cannabinoids. (gerany(E)-Me:C=CH-
CHz-(Me)CH=CH-CH>-).
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Cannabichromene (CBC, 15a) shows a remarkable reactivity associated to valence
tautomerism. 11 Thus, the regiochemistry of the oxidation could be the result of this
tautomeric manifold, declined in terms of a) electrocyclic opening of the o-quinone
chromene ring to an alkylidientrione, b) re -aromatizative isomerization of the

x UORDOEOwWOO] i POWEOUEOI WEOOEOwWE OE @igetbdnyll YT OU
system to ap-quinone (Scheme 4). This mechanistic rationde was backed up by the
formation of a mixture of the o-quinone 17 and p-quinone 16cfrom the oxidation of

15¢ the bis-prenylogue analogue of 15b. The mixture could be resolved by gravity

column chromatography, but the o-quinone 17 could not be stored and isomerized

spontaneously to 16¢

o}
2 = =
R R2
o R! 0 R
o
16a
R? T
0 o ZZNo)
N o = 0 N o
R2 | R? _
=
o) R? HO R I0) R!

Scheme 4.Possible mechanism for the isomerization ®CBCQ to p-CBCQ (68 by chromene
alkylidiencyclohexadienone valence tautomerism%{RCsHu1, R = isoprenyl).

Some mechanistic hypotheses on the observed regioselectivity of periodinane
oxidation are worth discussing. [!81 The reaction is started by ligand exchange on
iodine and formation of an aryloxyiodonium species (Scheme 5). Next, assuming a
two -electron process!t® an iodonium (I1l) intermediate could undergo nucleophilic

attack by an external water molecule (or by trifluoroaetic acid), preferentially at the
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less encumberedparaposition. Elimination of o-iodobenzoic acid and formation of
a hydroquinone could next follow, with ligand exchange on iodine and elimination,

this time triggered by phenol deprotonation, eventually affording a p-quinone
(Scheme 5, A) t920With an iodonium (V) intermediate, the oxidation can occur
intramolecularly by [2,3] -sigmatropic rearrangement of the iodine -oxygen bond.
This process is isosterically equivalent to the orthologue N-S sigmatropic shift in the
Gassman indole synthesis (Scheme 5, BRY ¢-Elimination of iodobenzoic acid will

next afford an o-quinone, either directly as in Scheme 5, or after isomerization of the
o-quinol ester to a catechol ester22 Longer [2,n] sigmatropic shifts of heteroatomic
bonds, as in the semidine rearrangement,[? are apparently disfavored in
aryloxydiodonium (V) species, since, with the exception of 17, mixture of
regioisomeric quinones were never observed as primary oxidation products. M-
Periodinanes can only react with the intermolecular mechanism, and therefore
normally generate p-quinones because steric effects shield theo-position from

nucleophilic attack.

" m
S S
0" Tocor Q OH 0" Tocor 0O
e — U
H20> OH OH o\)H o)
0
90
o} Q\ o COOH

O
s~ &
0 +

Scheme 5Possible mechanism for the formationpadiuinones ana-quinones from aryloxyiodonium (Ill) and
aryloxyiodonium (V) intermediates (A and B) from, respectively, PIFA and SIBX.
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Ortho- and paracannabinoquinoids showed differences not only in their color,
particularly marked in the quinones from CBN because of aryl conjugation (See the
Graphycal Abstract) but , as expected, also in their stability, The o-quinone of CBG
(11 was unstable at room temperature, possibly due to polymerization induced by
the presence of the nucleophilic isoprenyl terminal bond, but could be fully
characterized, as could 17, despite its quick valence isomerization to 16c  All the
other o-cannabinoquinoids (10, 12, 133 13b, 143 14b) showed acceptable shelf life,

although lower tha n the one of their corresponding p-isomers.

CONCLUSION

The complementary use of W-and Ws-iodanes, as such or associated toO-
methylation to block post -oxidative tautomeric equilibria, represents an interesting
diversification strategy for phenolic lead structures. This opportunity, as well as the
possibility to use SIBX for the synthesis of p-quinones, has so far overlooked, despite
its mechanistic rationale and its potential to provide a blueprint to explore novel

areas of the biological space associated to phenolic lead structures.

EXPERIMENTAL SECTION

GENERAL: IR spectra were recorded on an Avatar 370 FFIR Techno-Nicolet
apparatus. *H (400 MHz) and 13C (100 MHz) NMR spectra were measured on Bruker
Avance 400 MHz spectrometer or on a Bruker Avance 500 MHz. Chemical shifts were
referenced to the residual solvent signal (CDCls0 wé& w A &cl=HT0u Womonuclear
!H connectivities were determined by the Correlation spectroscopy (COSY)
experiment. One-bond heteronuclear H¢3C connectivities were determined with

the heteronuclear single quantum coherence (HSQC) spetroscopy experiment. Two -
and three-bond 'H¢$ 13C connectivities were determined by gradient two -dimensional

(2D) heteronuclear multiple bond correlation (HMBC) experiments optimized for a
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23]J=9 Hz. Low- and high-resolution electrospray ionization mass spectrometry (ESI-
MS) data were determined on an LTQ OrbitrapXL (Thermo Scientific) mass
spectrometer. Reactions were monitored by thin-layer chromatography (TLC) on
Merck 60 F254 (0.25 mm) plates, visualized by staining with 5% HSQ« in EtOH and
heating. Organic phases were dried with Na:SOQ: before evaporation. Chemical
reagents and solvents were purchased form SigmaAldrich and were used without
further purification unless stated otherwise. Petroleum ether with boiling point of
4060 °C was used. Silica gel60 (73230 mesh) was used for gravity column
chromatography (GCC).All starting cannabinoids were available from previous

studies in the areal®13.17]

SIBX OXIDATION OF CANNABINOIDS

OXIDATION OF O-METHYL CBD (1B) AS REPRESENTATIVE: To a cooled (ice bath)
solution of O-methyl CBD (1b, 200 mg, 0.61 mmol, Rf= 0.47, petroleum etheEtOAc
95:5 as eluant) in ethyl acetate (10 mL), SIBX (39 wt. %, 1.44 g, 2.01 mmol, 3.3 molar
equiv.) was added in small portions. At the end of the addition, the cooling bath was
removed, and the suspension was stirred at room temperature, following the course
of the reaction by TLC (Rf 10 = 0.19, petroleum etherEtOAc 95:5). After 18 h, the
reaction mixture was filtered over a pad of Celite. The filtration ca ke was washed
with EtOAc (10 mL), and the pooled filtrates were washed with saturated Na >S0s (4
x 15 mL) and next with brine. After drying and evaporation, the residue was purified
by GCC on silica gel (10 g, petroleum ethert EtOAc 95:5 as eluant) to obtan 98 mg
(47%)10. In all other iodane (SIBX, PIFA) oxidations, a similar difference in Rf values
between reactants and reaction products was observed. The reaction vyield is

provided along with the description of their physical state for each product.
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ORTHO-O-M ETHYLCANNABIDIOLQUINONE ~ (O-ME-CBDQ, 10): Dark red oil (47%),

FT-IR (cm): 3= 2955, 2924, 2857, 1643, 1431, 1107, 8BENMR (CDCI 3, 400 MHz) 1

=6.83 (bs, HK 7 & O w k& 2.6 HegHE2, @56 (bs, H9a), 4.52 (bs, HNE A O wit & WA w !
OMe), 3.65(m, H-3), 2.67 (dt J= 9.2, 3.0 Hz, H4), 2.41 (tJ= 7.5 Hz, Hhuz 7 AOw! & huA
H-6a), 2.04 (m, H6b), 1.95 (m, H5), 1.64 (bs, H7), 1.61 (bs, H10), 1.50 (m, Hl 7z z A O whud }
(overlapped, H-+ 2 Z AQw gt Y w690 Y K OQE 6 WUNEQa ORGP RMEB wt 8 N
(CDCI3, 100 MHz): 1= 180.6 (Ghuz A O w RiAz7UASQ uwinith 2 KASCKUwIRGK' 148.6. (R A O wi
133.0 (G1), 128.0 (Gt 7 A O w Rl zKABO wuhg)! 110.4 (B2 "45.1 (G4), 31.8 (Ghuz z AOw
31.5 (Gt z 7 A O ub) BOYIA6)U3N.2 (Gl 7 7 A OB), MIE-M)022.5 (CK 7 7 AOwWhWE
(C-10), 14.5 (CGk z EF+BISum/z 343 [M+H]* ; HRESFMS: m/z calcd. for CzoH3z103

[M+H] + 343.2273, found 343.2279.

ORTHO-O-M ETHYLCANNABIGEROQUINONE  (0-ME-CBGQ, 11): Dark red oi (37%).

FT- IR (cm): 32956, 2925, 2855, 1655, 1638, 1345, 1167/NMR (CDCI 3, 400 MHz):

U= 6.89 (bs, 1H), 5.08 (m, 2H), 3.97 (s, 3H), 3.05 (@ 7.4 Hz, 2H), 2.37 (t)= 7.4 Hz,

2H), 2.04 (m, 2H), 1.98 (m, 2H), 1.72 (bs, 3H), 1.67 (bs, 3H), 1.50 (bs, 3H), 2482 (m,

6H), 0.90 (t,J= 6.9 Hz, 3H).13C NMR (CDCls, 100 MHz): 1 =180.6, 178.9, 163.3, 142.4,

136.1, 134.3, 131.3, 127.7, 124.3, 120.7, 56.6, 39.7, 31.4, 29.7, 27.9, 26.7, 25.7, 22.4, 21.6,
17.7,16.1, 13.9. HRESWIS: m/z calcd. for C22H33:03 [M+H] * 345.2430, found 345.2430.

ORTHO- 8-TETRAHYDROCANNABINOLQUINONE  (0-THCQ, 13A): Dark red oil (51%).

FT-IR (cm): 9= 2956, 2925, 2852, 1639, 1584, 1388, 1184, 1HAMR (CDCI 3, 400

MHz): %= 6.49 (bs, 1H), 5.30 (bs, 1H), 3.10 (m, 1H), 2.49 (c&= 11.0 Hz,?= 4.9 Hz,

1H), 2.35 (t,J= 7.7 Hz, 2H), 2.12 (m, 1H), 1.83 (m, 1H), 1.7%.20 (overlapped m, 6H),

1.45 (s, 1H), 1.21 (s, 6H), 0.91,(f= 6.9 Hz, 3H).3C NMR (CDCl 3, 100 MHz): 1 =181.2,

177.7, 162.9, 143.3, 134.4, 118.6, 114.9, 82.1,,456%, 31.4, 29.8, 28.7, 27.4, 27.1, 26.9,

23.3, 22.4, 19.4, 13.9. HRESMS: m/z calcd. for CaH2903, [M+H]+ 329.2122, found
329.2122.
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} -DEPENTYL-t %Y,Y-DIMETHYLHEPTYL )-ORTHO- S-TETRAHYDROCANNABINOL

QUINONE (0-DMH -THCQ, 138): Dark red oil (54%). FT-IR (cm%): 3=2956, 2925, 2856,

1589, 1379, 1112, 919 NMR (CDCI 5, 400 MHz): = 6.38 (bs, 1H), 5.31 (bs, 1H), 2.98

(m, 1H), 2.39 (dt, > = 11.1 Hz,® = 5.0 Hz, 1H), 2.02 (m, 1H), 1.74 (m, 1H), 1.61.49
(overlapped m, 8H), 1.37 (s, 1H), 1.270.89@verlapped m, 16H), 0.78 (t,J= 6.8 Hz,

3H). 13C NMR (CDCl 5, 100 MHz): 4=180.7,177.8, 162.9, 149.8, 134.7, 134.5, 118.6, 114.9,
82.2, 43.5, 40.6, 38.5, 35.1, 31.8, 29.8, 29.7, 27.3, 27.2, 27.1, 27.0, 25.1, 23.3, 22.7, 19.5,
14.1. HRESIMS: m/z calcd. for CasH 3703, [M+H] + 385.2672, found 385.2677.

ORTHO -CANNABINOLQUINONE  (0-CBNQ, 14A): Purple oil (58%). FT-IR (cm?): 5=
2955, 2924, 2855, 1649, 1382, 1145, 1110, $AMNMR (CDCI 3, 400 MHz): %= 8.30 (s,
1H,), 7.09 (d,J= 8.9 Hz, 1H), 7.02 (dJ= 7.9 Hz, 1H), 6.63 (bs, 1H), 2.40 (= 7.7 Hz,

1H), 2.36 (s, 3H), 1.69 (s, 6H), 1.56 (m, 2H), 1.32 (m, 2H), 0.90 (t, J = 6.8 Hz, 3HJ.

NMR (CDCl s, 100 MHz): 6 =180.2, 175.3, 163.3, 144.7, 138.1, 133.8, 131.8, 128.9, 125.7,
122.3,111.0,82.7,53.6, 31.6, 29.8, 29.0, 28.3, 27.4, 22.4, 21.4, 13.9. WMEEBV/z calcd.

for CaiH 2503, [M+H] * 325.1798, found 325.1791.

t -DEPENTYL-t %Y ,Y-DIMETHYLHEPTY )-ORTHO -CANNABINOLQUINONE (o-DMH -
CBNQ, 14B): FT-IR (cm): 9=2955, 2924, 2856, 1649, 1376, 1145, 1110, AANMR
(CDCls, 400 MHz): % = 8.33 (s, 1H,), 7.12 (dJ= 8.9 Hz, 1H), 7.04 (¢ J= 7.9 Hz, 1H),

6.63 (bs, 1H), 2.39 (s, 3H), 1.73 (s, 6H), 1.70 (overlapped, 2H) 1.33-:0.99 (m, 14H),

0.87 (t,J=6.9 Hz, 3H);3C NMR (CDCl s, 100 MHz): £ =179.9, 176.4, 163.1, 151.2, 137.9,
134.1, 131.8, 128.9, 125.7, 124.6, 122.3, 110.8, 82.7, 40.6, 38.8, 31.7, 29.7, 29.7, 28.4, 27.3,
25.1, 22.6, 21.3, 14.HRESI-MS: m/z calcd. for CazsH330s, [M+H] + 381.2430 found
381.2437.
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PARA-CANNABICHROMENQUINONE  (CBCQ, 16A): Red oil (59%). FFIR (cm?): 3=

2957, 2926, 2852, 1648, 1580, 1324, 1078, 969, 8BDAMR (CDCI 5, 400 MHz): = 6.48

(d, J=10.2 Hz, H1), 6.42 (s, HI 7 A O wl=510.2 zghE2)) 509 (bt,J= 8.5 Hz, H-6),

2.42 (t,J=8.5Hz, Hhuz 7 A O wl-5), ¥.25unp B42)11.66 (bs, H8), 1.63 (overlapped,

H-4b), 1.58 (bs, H9), 1.50 (m, Hl z 7z A O w R10)K1UBA Ne@ppal, H-+ 7 z AOw hub +
(overlapped, H-K 7 z A O Wiy @9UHM, tido @ ‘@DABIR (CDCls, 100 MHz): 1 = 184.6

(C-huz A O w hKUz hMGOUULLbigE? YAGONWIgh? AXCOUIIE) 11318 (ClugpXk O wka), 128.% wp"
(C-6), 115.1 (G1), 114.9 (Gt 7 A O w)) 48.5 (G4N31.5 (Gt 7 7 A O uhugt ZYASQ v gbll 6 K
huz 7 A O0),R%5 (@B)p22.7 (GK 7z 7 A O wd), 17H {CR)d4.2 (Ck 7 7 A& WMS:1 $ 2 (
m/z calcd. for CaH 2003 [M+H] +329.2117, found 329.2122.

t “DEPENTYL-t (,Y-DIMETHYLHEPTYL )CANNABICHROMENQUINONE (DMH -CBCQ,
168): Red oil (57%). FFIR (cm): 3= 2957,2924, 2856, 1648, 1088.NMR (CDCI s, 400
MHz): %= 6.47 (d, J = 10.0 Hz, 1H), 6.42 (bs, 1H), 5.56, (t 10.0 Hz, 1H), 5.09 (bt =
7.8 Hz, 1H), 2.11 (m, 2H), 1.89 (m, 1H), 1.71.52 (m, 4H), 1.67 (bs, 3H), 1.49 (s, 3H),
1.320.97 (m, 16H), 0.86 (tJ= 6.9 Hz, 3H).13C NMR (CDCl s, 100 MHz): »= 184.7, 181.4,
153.2,151.3,132.2,132.1, 128.6, 123.3, 115.2, 114.2, 83.2, 41.5380,731.7, 29.7, 27.6,
27.3, 25.6, 25.1, 22.6, 22.5, 17.6, 14.0. HRES: m/z calcd. for CzsHs0s [M+H] *
385.2743, found 385.2739.

t “DEPENTYL-t ,Y-DIMETHYLHEPTYL )GERANYL -PARA -

CANNABICHROMENQUINONE  (16C): Red oil (51%). FFIR (cm?): 9= 2956,2923, 2855,

1649, 1449, 1181, 108H H NMR (400 MHz, CDCl 3,) = 6.47 (d,J= 10.0 Hz, 10H),

6,42 (s, 1H), 5.57 (dJ= 10.0 Hz, 1H), 5.11 (m, 3H), 2.14.96 (m, 10H), 1.741.59 (m,

16H), 1.49 (s, 3H), 1.291..18 (m, 12 H), 1.05 (m, 2H), 0.87 (tJ= 6.9 Hz, 1H).13C NMR

(100 MHz, CDCls) ©= 184.71, 181.45, 153.22, 151.35, 135.97, 135.05, 132.18, 131.27,
128.67, 124.38, 124.08, 123.14, 115.22, 114.25, 83.21, 41.55, 40.76, 39.72, 39.65, 38.71,
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31.71, 29.77, 27.65, 27.63, 27.30, 26.76, 26.54, 25514222.62, 22.45, 17.70, 16.01,
14.06.

t -DEPENTYL-t (¥,Y-DIMETHYLHEPTYL )GERANYL -ORTHO -

CANNABICHROMENQUINONE  (17): Purple oil (5%). *H NMR (400 MHz, CDCl 3) =

6.53 (s, 1H), 6.49 (dJ= 10.1 Hz, 1H), 5.34 (dJ= 10.1 Hz, 2H), 5.11 (m, 3H), 2.18.96

(m, 10H), 1.741.54 (m, 16H), 1.49 (s, 3H), 1:3.14 (m, 12H), 1.05 (m, 2H), 0.87 (dJ=

6.8 Hz, 3H). 3C NMR (100 MHz, CDCls) ¥ = 180.38, 174.72, 163.44, 151.24, 136.06,
135.13,132.74,131.31, 124.38, 124.36, 124.01, 123.18, 123.09, 115.71, 109.98, 84.60, 41.88,
40.64, 39.72, 39.68, 39.00, 31.75, 29.78, 27.77, 27.43, 27.40, 26.76, 26.53, 25.71, 25.13,
23.83, 22.65, 22.50, 17.706.03, 14.07. We were not able to collect IR and mass spectra

due to the fast interconversion of 17 in 16c.
PIFA OXIDATION OF CANNABINOIDS

OXIDATION OF CANNABICHROMENE  (CBC) AS REPRESENTATIVE : To a stirred solution
of CBC (15a 150 mg, 0.48 mmol), a soluion of bis(trifluoroacetoxy)iodobenzene
(PIFA, 641 mg, 1.49 mmol, 3.1 molar equiv.) in MeCN-H20 6:1 (2 mL) was added
dropwise. The progress of the reaction was monitored by TLC. After completion of
the reaction (20 minutes), the mixture was diluted with Et OAc (10 mL) and washed
with saturated Na:C0s (4 x 15 mL) and next with brine. After drying and
evaporation, the residue was purified by GCC on silica gel (10 g, petroleum ethert
EtOAc 95:5 as eluant) to give 86 mg (55%) CBCQ 1639, identical to the product
obtained from the SIBX oxidation.

M ETHYLATION OF CANNABINOQUINOIDS

METHYLATION OF CBDQ (3A) AS EXEMPLIFICATIVE : To a stirred solution of CBDQ
(33 200 mg, 0.61 mmol, in dry DMF (5 mL), NaHCOs (102 mg, 1.22 mmol, 2 molar

equiv) was added. The resulting solution was stirred at room temperature for 5
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minutes, and then methyl iodide (282 4L, 3,04 mmol, 5 mkol. eq) was added
dropwise. The solution was stirred at room temperature overnight, and then worked
up by dilution with EtOAc (15 mL). The organic phase was washed with 2M NaOH
(3x 15 mL) and next with brine. After drying and evaporation, the residue was
purified by GCC on silica gel (10 g, petroleum ether as eluant) to obtain 160 mg (76%)
3b.

PARA-O-M ETHYLCANNABIDIOLQUINONE  (P-M E-CBDQ, 3B): Dark orange oil, (76%).

FT-IR (cm1): 3 =2956,2926, 2857, 1649, 1260, 849.NMR (CDCI 3, 400 MHz): 1 =6.37

(bs, H-l z A O wkJ&P.pl egdHE2FE @54 (bs, H9a), 4.50 (bs, HNE A O wt &Wa),w U O w
3.72 (m, H-3), 2.67 (dt,J= 9.2, 2.5 Hz, H4), 2.36 (t,J= 7.5 Hz, Hhuz z A O wl -Gajur wpO (
1.97 (overlapped, H-6b), 1.94 (overlapped, H5), 1.67 (bs, H7), 1.61 (bs, H10), 1.50

(mH-27 7 KOwhid t | wepGVzl ADMUEUSH 1YEUBED Y K O Q¥ & %N EPUOAG w é
13C NMR (CDCls, 100 MHz): % = 187.9 (Gtuz & O w RKUZKA Guuidikzt 2 Qliuh@l; W6 | wi e
147.3 (Gt 7 K O w kbt ZkOkuukhdy;' 132.5 @lo' A O w he), 110.9U(@%p 45.3(C-4),

31.3 (Ghuz 7 & O th iz g KROWBRI'BOU A6 3P.2 (Gl 7 7 A O8), N& W) g22.5

(C-K 7 7 & O a0y, uld. 5 Gkaz" IRFESI-MS: m/z calcd. for Cz2H 2103 [M+H] + 343.2273,

found 343.2279.

PARA-O-METHYLCANNABIGEROLQUINONE  (P-M E-CBGQ, 4B): Orange oil (35%). FT-

IR (cml): = 2926, 2857, 1650, 1445, 1265, 1199, 1107, BOMMR (CDCI 3, 400 MHz):

% =6.89 (bs, 1H), 4.98 (m, 2H), 3.90 (s, 3H), 3.06 (d, J = 7.3 Hz, 2H), 2.31 (td, 19 Hz,

J2 =1.4, 2H), 1.97 (m, 2H), 1.89 (m, 2H), 1.66g 3H), 1.58 (bs, 3H), 1.50 (bs, 3H), 1.42

(m, 2H), 1.26 (m, 4H), 0.83 (t, J = 6.9 Hz, 3H)3C NMR (CDCls, 100 MHz): % = 188.2,

184.1, 155.6, 147.6, 137.1, 132.2, 131.9, 131.4, 124.2, 120.0, 60.9, 39.7, 31.5, 29.7, 28.6,
27.5, 26.6, 25.7, 22.4, 17.7, 16.13.9. HRESIMS: m/z calcd. for Cz2:H330s [M+H] *
345.2430, found 345.2422.
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Heterofunctionalization Of Cannabinoquinoids

3.4.1INTRODUCTION

As described in previous works (subsection 3.2), phytocannabinoid quinones have a
significant pharmacological potential: the quinone derivative of CBD (HU-331)is a
EEUEQAaUPEwWDPOl PEPUOUWOI wUOxOPUOOI UEUIT w( ( YwE
activity only on cancerous cells and not on normal cells (Mechoulam & Ben-Zvi, 1968)
(Kogan, et al., 2004) (Kogan & al., 2007)

Development was, however, stopped most probably for the inherent chemical
instability of these compounds, and their potential mutagenicity in vivo: the
unsubstituted position of the quinone is highly electrophilic, so these compounds are
reactive towards thiol residues via thia -Mic hael reactivity as well as reactive at the
guinone carbonyl via Schiff -type reactivity (Wu & Jan, 2010)

Furthermore, they easily undergo to dimerization, with total loss of bioactivity.

In previous studies, it was found that primary amines add easily in azaMichael
fashion to cannabinoquinoids, next undergoing spontaneous dehydrogenation , and
generating aminoquinones devoid of affinity for thiol group. Two of these
aminoquinones (VCE-004.8 1 and VCE-003.2 2, derived from CBD and CBG
respectively), have completed preclinical and toxicological evaluation, and are now
in clinical development for autoimmune (VCE -004.8, phase II) and
neurodegenerative (VCE-003.2, phase I) disease. These compounds show affinity for
CBz, negligible activity on CB 1, and powerful activity at PPAR -w(Del Rio & al., 2016)
(Diaz-Alonso & al., 2016).

149



Heterofunctionalization Of Cannabinoquinoids

VCE-004.8 VCE-003.2

FIGURE 1 CHEMICAL STRUCTURES OF VCE-004.8aND VCE-003.2.

3.4.2 D EVELOPMENT OF A TELESCOPED SYNTHESIS OF
AMINOCANNABINOQUINOIDS

The synthesis of aminoquinoids from phytocannabinoids is a two -step procedure,
that involves oxidation to cannabinoquinoids and then azaMichael addition and
dehydrogenation. Inspired by a 2018 report by Poulserthat certain metals (%1 .

, Op. EApdl ' s . w Efdhate tleqadditi@hob dkygen nucleophiles to
qguinones (Yu & al., 2018), we wondered if resorcinolic cannabinoids, that are easily
oxidized by metal ions in the presence of atmospheric oxygen, could be directly
converted into aminoquinoids . Apart from a shortening of the synthetic sequence,
the method could avoid the purification of unstable cannabinoquinones, and
potentially increasing the reaction yield by avoiding the degradative loss of the
unstable intermediates. Additionally, the overall atom economy of the proce ss could
be significantly improved, since atmospheric oxygen was the only oxidant
employed.

The project was started by screening the metal catalysts described by Poulsen, in a
probe reaction consisting in the trapping of HU -331 with n-butylamine. Only
manganese (lll) acetate was able to accelerate the reaction, while the other metal

catalysts based on Co(ll) and Fe(ll) caused extensive degradation of the starting
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material. We next investigated if Mn(lll) under aerobic conditions could also
promote the oxidation of resorcinolic phytocannabinoids to their corresponding

guinones, that would then be trapped as amine adducts. (Schemel)

BuNH,
Fe(OAc),

48 h, RT

BuNH,
Mn(OAc)3
—_—
CH,Cl,
48 h, RT
89%

BuNH,
Co(OAc),

48 h, RT

SCHEME 1 M ETAL CATALYZED FORMATION OF AMINOQUINONES

A systematic work was carried out to assess the possibility of the reaction and its
optimization in terms of metal load, time and work -up protocol. (Table 1)

The onepot process was indeed successful, but stoibiometric and not catalytic

amounts of the metal were necessary (entry 4), undermining the relevance of the

i DOEDOT 6 w2POET wOT T wUl EOOCEWUUl xwUI gUBUI Ew? E|
consumed in the first step of the reaction, that is, the oxidation of cannabinoids to

cannabinoquinoids.

Mn(OAc)
SM AMINE t(h) | N AIR WORK-UP YIELD
eq
1 CBDQ 0,1 BuNH: 48 - H2SQO, 2M 89%
2 CBD 0,1 BuNH:> 24 - H>SQy 2M a
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3 CBD 0,1 BuNH: 72 - H>SQy 2M A

4 CBD 0.5 BuNH: 24 - H>SQ, 2M B

5 CBD 1 BuNH:> 48 - H.SOQw 2M 78%
6 CBD 1 BuNH: 72 - NTA 54%
7 CBD 1 BzNH; 96 - Citric acid 30%*
8 CBD 1 PhEtNH 24 - H>SQy 2M 48%
9 CBGQ 0,1 BuNH; 24 - Citric acid 96%
10 | CBGQ 0,1 BzNH; 24 - Citric acid 73%
11 | CBGQ 0,1 PhEtNH, 24 - Citric acid 85%
12 CBG 1 BuNH: 60 - H2SQy 2M 47%
13 CBG 1 BzNH; 24 - H.SOQw 2M c

14 | CBG 1 PhEtNH, | 36 | - H.SQ, 2M 45%
15 CBG 1 BuNH; 48 - Citric acid 65%
16 CBG 1 BzNH; 72 - Citric acid 69%
17 CBG 1 BzNH; 72 - +0O - 40%
18 CBC 1 BzNH; 48 - - D

TABLE 1 TEST REACTIONS . LEGEND : A=CALCULATED BY H NMR INTEGRATION , 1.2:1RATIO WITH STARTING
MATERIAL . B= A= CALCULATED BY !H NMR INTEGRATION , 5:1 RATIO WITH STARTING MATERIAL . C=
CALCULATED BY H NMR INTEGRATION , 1.3:1RATIO WITH STARTING MATERIAL  .*=CALCULATED BY H NMR
INTEGRATION . D=ONLY QUINOID FORM WAS ACHIEVED

With sub-stoichiometric amounts of metal, the oxidation did not go to completion,

raising therefore the issue of the removal of metal salts from the reaction product,

that, due to the presence of the hydroxyquinone moiety, shows predictable metal -
chelating properties. The reaction was clean, and removal of manganese salts by
washing with chelating acids (nitrilotriacetic (NTA), citric acid), that, however, was

not sufficient to avoid the chromatographic purification of the reaction product. The
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results obtained with CBD could be replicated with CBG, a compound that gives
lower yields in the conventional iodane oxidation to its corresponding quinone. The
use of pure oxygen rather than air did not significantly improve the reaction yield
(entry 9), rather triggering degradation and eroding the final yield. The oxidati ve
amination protocol fails with O-methyl phytocannabinoids, and the same results was
observed with our protocol (entry 18).

Surprisingly, Mn(lll) failed to promote the addition of oxygen nucleophiles to our

substrates, despite being reported as selectivdor this reaction.

Mn(OAC);

MeOH
48 h, RT

FIGURE 2 FAILED ATTEMPT OF ALCOHOL A DDITION .

3.4.3CONCLUSIONS

Using metal catalysis by Mn(lll), it is possible to telescope the synthesis of
aminocannabinoquinoids to a single step reaction, where a resorcinolic
phytocannabinoid is first oxidized by air to its corresponding quinoid form, then
trapped by an amine and eventually dehydrogenated. H owever, the increased yield
and the simplicity of the protocol, is marred by the need to use stoichiometric
amounts of metal. The reaction therefore needs further optimization. Possible
avenues of investigation will be the use of two catalytic metals, one for the oxidation
to quinone and the other one for the dehydrogenative amination. In alternative, more
reactive oxygen species like oxone or peroxides could be used. The mechanism by

which certain metals promote the Michael addition to quinones is unclear. Binding

153



Heterofunctionalization Of Cannabinoquinoids

the quinone carbonyl, that is, Lewis acid catalysis, could be one mechanism, and

therefore also oxyphilic ions will be worth investigating, like lanthanides.

3.4.4EXPERIMENTAL SECTION

GENERAL EXPERIMENTAL PROCEDURES: IR spectra were recorded on an Avatar 370
FT-IR Techno-Nicolet apparatus. *H (400 MHz) and *3C (100 MHz) NMR spectra were
measured on Bruker Avance 400 MHz spectrometer. Chemical shifts were referenced
to the residual solvent signal (CDCl:0 w 4 w A & ¢ FuT710).yHomonuclear H
connectivities were determined by the Correlation spectroscopy (COSY) experiment.
One-bond heteronuclear 'H¢'3C connectivities were determined with the
heteronuclear single quantum coherence (HSQC) spectroscopy experiment. Two
and three-bond H+113C connectivities were determined by gradient two -dimensional
(2D) heteronuclear multiple bond correlation (HMBC) experiments optimized for a
23J=9 Hz. Low- and high-resolution electrospray ionization mass spectrometry (ESI-
MS) data were determined on an LTQ OrbitrapXL (Thermo Scientific) mass
spectrometer. Reactions were monitored by thin-layer chromatography (TLC) on
Merck 60 F254 (0.25 mm) plates, visualized by staining with 5% HSQ in EtOH and
heating. Organic phases were dried with Na:SO4 before evaporation. Chemical
reagents and solvents were purchased from SigmaAldrich, TClI Europe or
Fluorchem and were used without further purification unless stated otherwise.
Petroleum ether with boiling point of 40 ¢+60 °C was used. Silica gel 60 (# 230 mesh)

was used for gravity column chromatography (GCC).

GENERAL PROCEDURE FOR MANGANESE CATALYZED OXIDATION -AMINATION -
OXIDATION : to a stirred solution of cannabinoid (1 eq) in CH 2Cl2 (20mL/ 1 mmol
substrate) under air or nitrogen atmosphere (see Tabk 1), manganese (lll) acetate

(0,2-1 eq, see Table 1) was added. Amine (5 eq) was then added dropwise. The stirred
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solution was left in the dark at room temperature for 12 -96 hours, then diluted with
acidic solution (see Table 1) and extracted with CHz2Cl.. The mixed organic phases
were dried with Na 2SO, filtered and the solvent evaporated. The residue was filtered
on silica gel using CH2Cl2 as eluent and was identified as aminoquinone, slightly
impure (OPTIONAL, see Table 1). The latter was purified by chr omatography over
silica gel to afford the final aminocannabi noquinoid. All reactions were performed

on 50 mg scale.

Isolated aminocannabinoquinoid showed identical properties to those reported in

literature (Patent n. WO2015/158381 Al, 2015) (Patent n. WO 2015/128200 A1, 2015)
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SARs Of Phytocannabinoids

The second topic of this PhD thesis was to investigate the structure-activity
relationship of two cannabinoid chemotypes that had shown an interesting chemical
behaviour in their oxidation to quinoid structures.

These compounds were all obtained by total synthesis, and the modification
investigated where mainly focused on the terpenyl tail and the alkyl chain | since it
is proven that changes on these moieties can dramatically modify the biological
profile (Table 1) | and partially on the resorcinyl core. The alkyl chain was varied
in terms of length and branching, the terpenyl moiety in terms of deprenylation or
prenylogation, and the resorcinyl core oxidized to quinoid forms, using the protocol

developed for the first part of the work.

ORIGINAL PRECURSOR M ODIFIED ANALOG EFFeCT
‘ OH ‘ OH Reduced potencyby 75% and
change of activity (from
O O agonism toantagonism with Ki
© © values of 75.4 and 62.8 nm)
AS-THC AB-THC orcinoid analog
A
R=
OH OH N Systematidncreasein affinity
P P X7 (with Ki values ranging from 41
R to 8.5 nm) angotency
HO HO
C-5 analog C-6/C-7/C-8 analogues
OH OH
Increasedpotency
- ~ (by ca. 506old)
o] o}
Aba-10aTHC 1',2'-DMH analog of A%&102.THC
OH OH
X Increasedpotency toward CBY"
Ho (by ca. 5fold) anddecreased
| affinity for TRPM8
CBG sesqui-CBG

TABLE 2 EXAMPLES REPORTED IN LITERATURE OF MODULATIONS ON ISOPRENYL AND ALKYL MOIETIES . SOURCE:
(RazDAN, 1986)(MARTIN & AL., 1999)(THOMAS & AL., 2005)(ADAMS & AL. 1948, 19483) (POLLASTRO& AL.,
2011)
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SUBCHAPTER 4.1

CANNABICHROMENOIDS

(UNPUBLISHED DATA )






Cannabichromenoids

4.1.1INTRODUCTION
OH

FIGURE 1 STRUCTURE OF CBC.

CBC (1) is the most hidden and enigmatic phytocannabinoid among the so called

2EDT wi OUU2 8 wp%wbl UUIT whAw

Isolated for the first time in 1966 and 2 years before its acidic precursor (Gaoni &
Mechoulam, 1966), its concentration in Cannabidgs much lower compared to the other

major cannabinoids, rarely exceeding 0.2-0.3% on dry weight basis, and has never

been found to accumulate in modern medicinal and recreational strains of Cannabis

at the levels typical of the other phytocannabinoids (o' EOUj] wd wEO8 Owl Y hut K
The literature around this product is odd and bizarre, as exemplified by some curious

feature like its physical properties: his aspect range between crystalline and initially

optically active compound (Claussen & al., 1966)to a gummy and oily aspect
(Mazzoccanti & al., 2017) and unlike the other Cannabignajor compounds it has been
demonstrated to be scalemic in natural sources, as shown by chromatograpty on

chiral stationary phases (Mazzoccanti & al., 2017) Another curious feature is its high

stability throughout decades: samples of non-degraded CBC have been found in 140

years old ethanolic extract (Harvey, 1985).

"1 " wPhEUwWPUOOT CAawEOOUPET Ul EwUT 1 wOOUBTWEEUOEE
| due to low level chromatographic technologies available in 1960s-1970s(Turner &

al., 1975)| its activity on CB receptors was immediately tested: no intoxicating
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effects were detectedin vivo and a weak activity on CB1 and CBz was registered,
suggesting that the development of a partial tetrad respons¢analgesia, catalepsy,
hypothermia, hypomotility) at high concentrations was ascribed to other targets
interaction (Davis & Hatoum, 1983) (DeLong & al., 2010) (Cascio & Pertwee, 2014)
(De Petrocellis & al., 2011)
Nevertheless, spurred by the CBC ability to induce a weak anti-inflammatory, and
antinociceptive action | which can be partly credited to CBC activity on
endocannabinoid tone (De Petrocellis & al., 2011% E O E wU O wU UATH skctivdiy 1| O wi,
in vivo assays, an Australian research group has recently demonstrated the agonism
of CBC towards CB: receptors (Udoh & al., 2019).
Withi n phytocannabinoids, CBC is the most potent TRPA1 non-covalent agonist (De
Petrocelli & al., 2008) Most activators of TRPAL are electrophiliccompoundslike
allylisothiocyanate and cinnamaldehyde. These compounds covalently i nteract with
nucleophilic residues (cysteine and lysine) in the cytoplasmatic N-terminal region. It
is still unclear how non-electrophilic modulatorike propofoland lidocainemodulate the
activity of this channel (Nilius & al., 2012).
Apart from CBD whose behaviour deviates from this evidence, the other
phytocannabinoids tested seem to follow this rule.
From a pharmacological point of view, CBC has shown activity in animal models of
several diseases:

1 murine colitis induced by dinitrobenzensulfoni@acid (DNBS) (Romano & al.,

2012)
1 inflammation -induced intestinal hypermotility (Izzo & al., 2012}
9 carrageenaninduced rat paw edema (Turner & Elsohly, 1981);

1 acne(Olah & al., 2016)
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Remarkably, compounds related to CBC have also been isolated from noncannabis
sources, like plants from the Rhododendron genus, various liverworts, the fungus

Cylindrocarpon olidum Wollenw., that produces the chromenoids 2a and 2b,

(Quaghebeur & al., 1994) and the mushroom Albatrelussspp. with confluetin (3)

(Hellwig & al., 2003). (Figure 2)

OH OH
= COOH _
N o N X o
R
3
2a H
2b ClI

FIGURE 2 STRUCTURES OF FUNGI -DERIVED CBC-LIKE PHYTOCANNABINOIDS .

The structure of naturally occurring cannabinochromenoids is strictly related to the

modular scheme of their biosynthesis, expressed by the prenylation or deprenylation

of different isoprenyl residues and/or shortening of the pentyl residue. Th e
differentiation grade in natural cannabichromenoids is the outcome of the
combination of a different iteration of the isoprenoid pathway elongation step | that

generates the electrophilic isoprenylating agent| and of the nature of the polyketide

starter that generates the alkyl-substituent of the resorcinyl core. Replacement by a
phenethyl-type group as well as isomerization to the abnormal series have also been

reported, with alkyl residues typical of Cannabisand higher plants (Type A) and

phenethyl analogues mostly found in liverworts (Type B) o' EOUj wdé w.EOS Ow
Alterations of the benzochromene portion are rare, involving hydration of the pyrane

EOQUEOI WEOOEWEUwWPI OOWEUWI-¥OGDHDHOEOD BB OO0
acetoxylation, and oxidative modification of the isoprenoid group at the terminal and

electron-rich double bond.
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All cannabinochromenoids are | like the other phytocannabinoids | generated as
their acidic form and next decarboxylated by the action of enzymes or during storage
of the plant crude material @' EOU| wo wEGweB)wl Y hut A

CBC is the only phytocannabinoid from Cannabiseasily achievable by total synthesis,
and this partially offsets its very low isolation yiel d form plant material; moreover,
unlike other phytocannabinoids, it is racemic or highly scalemic: so, an
enantioselective synthesis is not required. Its classic preparation involves atandem
Knoevenagel reactiobetween citral 4 and olivetol 5 using an amine catalyst,
generating the quinone methidintermediateb that undergoes an electrocyclization to

CBC (Crombie & Ponsford, 1968) (Crombie & Ponsford, 1971).

R2
Isoprenylation OH Carboxylation ~ Type A CHg n-C3Hz n-CsHyy
N =
1
) ° U R? Type B Hﬁf
Alogenation, Acetoxylation
FIGURE 3 D IVERSITY OF NATURALLY OCCURRING CANNABICHROMENOIDS
Basic conditions
(o OH OH
/L/\jb_/ = g
|
A A
o) CsH X
4 19 1 50-60% 0 CsHis
H s 1

OH OH

OH
-H,0
] — I
o CsH11 o CsHyq
6
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Acid conditions

H
CO OH OH
H+
D 0 ®
oy CsHqy 10-30% o CsH1q4
H

CsHqq

FIGURE 4 REACTION OF CITRAL (4) AND OLIVETOL (5) AFFORDS DIFFERENT COMPOUNDS DEPENDING ON THE
ACIDITY OF THE ENVIRONMENT

Curiously, the same starting materials treated in acidic media give completely
different results, with the major product cis. °-THC 7 as the result of a terpenictype

intramolecular cationic cyclization (Kane & al., 1968) (Figure 4)

4.12 RESULTS AND DISCUSSION

A small library of cannabichromene analogues was synthesized, focusing on the
functionalization of three different main moieties (Figure 5):
1. Isoprenylation -Deprenylation of the terpenyl tail ( red)
2. Shortening, elongation or ramification of the ketide chain ( green
3. Modification of the aromatic core ( blué by:
1 Substitution of the benzene with a heterocycle
9 Oxidation to cannabinoquinoid

1 Methylation in position 2
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Isoprenylation
Deisoprenylation

Cannabichromenoids

OH Methylati
ethylation
O _ I
N o) [3
Oxidation Shortening

FIGURE 5 SITES OF MODIFICATION OF CBC STRUCTURE.

Most of the derivatives were obtained by condensation of different 1,3 -aryldiols (1.04

mol) with several aliphatic aldehydes (1 mol) in the presence of butylamine (1 mol);

the reaction was carried out in refluxing toluene for 10 hours . (Figure 6)

DEPRENYLATION-ISOPRENYLATION

OH
=
0 CsHi
8 OH
=
X X 0 CsHi
9

OH

R: 14 CH,
15 C;H,

OH
=
X 0 R

FIGURE 6 FIRST PART OF CBC ANALOGUES .

19 Cy5Hs3o
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16 C(CHj;),CeH13
17 C(CHs),C4Hso
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Sometimes, in order to facilitate the purification process (see experimental), the raw
reaction mixture, after acidic work -up, drying and dissolving in ethanol, was further
treated with sodium boron hydride (100mg/g substrate) to reduce aldehydes
residues to the corresponding alcohol. Several chromenes haveRf extremely like the
starting aldehydes, a factor that prevents their correct purification at
chromatographic level; their reduction to alcohol considerably increases their
polarity allowing a simple purification by chromato graphy. The coumarin derivative
13 (deprenylferpreninwas synthesized according to literature using Ytterbium (lII)
triflate.

While senecialdehyde, citral and farnesal | the aldehydes used for the synthesis of
compounds 8, 1, and 9, respectively | are commercially available, geranylgerania3,
used for the synthesis of compound 10 was obtained by oxidation of geranylgeraniol

22 obtained by extraction from Bixa Orellanal. dry seeds (see experimental).

extraction

inserire resa

Bixa Orellana L. 22
dry seeds

FIGURE 7 EXTRACTION AND SYNTHESIS OF ALDEHYDE ~23.

The introduction of methyl groups is one of the most powerful maneuver to increase
the biological activities of a molecule by altering its solubility, binding affinity and
metabolism (Belshaw & al., 1995) (Barreiro & al., 2011) (Schénherr & Cernak, 2013)
(Cernak & al., 2016)

In the cannabinoid chemical space, the introduction of a methyl in position 2 could
have major effects on the PK of the molecule, providing a benzylic proton for
metabolization alternative to the allylic methyl. The synthesis of 2-methyl CBC26was

performed as a latestage functionalization by reaction of CBC itself with the
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Mannich reagent obtained by formaldehyde 24 and morpholine 25, in refluxing
ethanol and then reduction by sodium cyanoborohydride in  n-butanol. Since CBC is
non-symmetrical, methylatio n could occur in two different positions (2 and 6), and
the regiochemistry of alkylation was confirmed by derivatization: methylation of 26
with trimethylsylildiazomethanén methanol gave compound 27, that shows a NOE
correlation between the -. " ' mnaup and the 2-methyl portion . The 2-formyl
derivative of CBC 28 was obtained by Vilsmeier-Haack reaction: this compound
reminds the structure of the acidic form CBCA, but the different level of oxidation

prevents its decarboxylation. (Figure 8)

o)
1) CH,0 , HI\Q
25

OH 24 OH
_ 125°C - _ CHs
S 2) NaCNBH; n-BuOH
o C5H11 ) a 120 g'Cn . X (6] C5H11
1 overall 53% 26
TMSCHN, TMSCHN,
MeOH MeOH
87% 87%
OH O CH3
o) ‘}NOE
= H = CHs,
S
© G N 0 CsHiy
28 27

FIGURE 8 SYNTHESIS OF 2-ALKYL DERIVATIVES OF CBC.

As last modification, a selection of CBC derivatives were oxidated to their

corresponding cannabinoquinoid$§29-35, Figure 9) by oxidation wit h SIBX in EtOAc;
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as already saw in Chapter 3, quinoid forms of cannabinoids shows a distinct profile

of activity from their resorcinyl precursors.

OH O
_ R3 SIBX _ R®
(0]
R1 RZ R3
29 CH, CsHy4 H
30 Prenyl CsH 14 H
31 Geranyl CsH 14 H
32 Farnesyl CgHyq H
33 Prenyl C3H1 1 H
34  Prenyl C(CH3)2CeH1z H
35 Prenyl CsH 14 CHj

FIGURE 9 OXIDATION WITH SIBX OF A CHROMENES SELECTION, LEADING TO THE CORRESPONDING
CANNABINOQUINO IDS.

The biological activity of all compounds is currently ongoing on cannabinoid
receptors and on a sekction of thermo-TRPs (TRPV1, V3, V4, Al, M8), and has been
completed on PPAR-t3 where some docking experiments have also been carried out.

Due to the unfinished status of their activities, their discussion seems premature.

4.1 3 EXPERIMENTAL SECTION

GENERAL EXPERIMENTAL PROCEDURES: IR spectra were recorded on an Avatar 370

FT-IR Techno-Nicolet apparatus. *H (400 MHz) and 13C (100 MHz) NMR spectra were

measured on Bruker Avance 400 MHz spectrometer. Chemical shifts were referenced

to the residual solvent signal (CDClz0 w®' waAwAd!l Owuy" wawiAAdyK
connectivities were determined by the Correlation spectroscopy (COSY) experiment.

One-bond heteronuclear H$'3C connectivities were determined with the

heteronuclear single quantum coherence (HSQC) spectroscopy experiment. Two
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and three-bond H+113C connectivities were determined by gradient two -dimensional
(2D) heteronuclear multiple bond correlation (HMBC) experiments optimized for a
23J=9 Hz. Low- and high-resolution electrospray ionization mass spectrometry (ESI-
MS) data were determined on an LTQ OrbitrapXL (Thermo Scientific) mass
spectrometer. Reactions were monitored by thin-layer chromatography (TLC) on
Merck 60 F254 (0.25 mm) plates, visualized by staining with 5% HSQ: in EtOH and
heating. Organic phases were dried with Na-SO4 before evaporation. Chemical
reagents and solvents were purchased from SigmaAldrich, TClI Europe or
Fluorchem and were used without further purification unless stated otherwise.
Petroleum ether with boiling point of 40 +60 °C was used. Silica gel 60 (AR230 mesh)
was used for gravity column chromatography (GCC). Bixa Orellanal. dry seeds were

purchased by A. Minardi & figli (Bagnacavallo ¢ RA).

GENERAL PROCEDURE FOR CHROMENES SYNTHESIS . CBC AS EXAMPLE: to a stirred
solution of olivetol (1 g, 5.55 mmol, 1.04 eq) in dry toluene (30 mL), citral (0.914 mL,
5.33 mmol, 1 eq) andn-butylamine (0.527 mL, 5.335 mmol, 1 eq) were sequentially
added. The reaction was heated to reflux for 10 hours, then querched with H 2SQ: 2M
and extracted with EtOAc. The combined organic phases were washed with BRINE
and dried. The crude was dissolved in ethanol (10 mL) then sodium borohydride
(100 mg, 100 mg/g substrate) was added; the solution was stirred for 15 minutes, hen
guenched with H 2SOs 2M and extracted with EtOAc. The combined organic phases
were washed with BRINE and dried. The crude was purified by chromatography on
silica gel (PE/EtOAc 95:5,Rf: 0.85) to afford 896 mg of brown oil (50%), identified as
CBC ().

CBC (1):*H NMR (400 MHz, CDClI 3): % 6.62 (d,J= 10.0 Hz, 1H), 6.25 (s, 1H), 6.12 (s,
1H), 5.49 (d,J= 10.0 Hz, 1H), 5.10 (tJ= 7.4 Hz, 1H), 2.43 (t)= 7.8 Hz, 2H), 2.22 1.96
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(m, 2H), 1.66 (s, 3H), 1.58 (s, 3H), 1.38 (s, 3H), 1.361.22 (m, 8H), 0.88 (tJ= 6.3 Hz,
3H).

DEPRENYL-CBC (8): Yellow oil ( Rf: 0.65 in PE/EtOAc 9:1), 46%H NMR (400 MHz,
CDCl3): %6.58 (d,J= 9.9 Hz, 1H), 6.26 (s, 1H), 6.13 (s, 1H), 5.53 (d@x 9.9 Hz, 1H), 2.44
(t, J= 7.7 Hz, 2H), 1.724 1.51 (m, 2H), 1.42 (s, 6H), 1.35 1.20 (m, 4H), 0.88 (tJ= 6.6
Hz, 3H).

PRENYL-CBC (9): Brown oil (Rf: 0.60 in PE/EtOAc 9:1), 57%H NMR (400 MHz,
CDCls): %6.67 (d,J= 10.0 Hz, 1H), 6.29 (s, 1H), 6.14 (s, 1H), 5.58,(J= 10.0 Hz, 1H),
5.14 (m, 2H), 2.46 (tJ= 7.6 Hz, 2H), 2.262.03 (m, 4H), 2.021.95 (m, 2H), 1.81 1.66
(m, 5H), 1.641.54 (m, 8H), 1.42 (s, 3H), 1.37 1.27 (m, 4H), 0.91 (tJ= 6.8 Hz, 3H).

BISPRENYL-CBC (10): Brown oil ( Rf: 0.58 in PE/EtOAC 8:2), 44%H NMR (400 MHz,
CDCls): %6.67 (d,J= 10.0 Hz, 1H), 6.30 (s, 1H), 6.15 (s, 1H), 5.54 (@= 10.0 Hz, 1H),
5.15 (m, 3H), 2.47 (tJ= 7.9 Hz, 2H), 2.201.99 (m, 10H), 1.821.55 (m, 15H), 1.42 (s,
3H), 1.39 1.28 (m, 4H), 0,92(t, J= 6.9 Hz, 3H).

2-METHYL -2-(4-METHYLPENT -3-EN-1-YL)-2H-PYRANO [2,3B]QUINOLIN -5-OL (11):
Brown oil ( Rf: 0.25 in PE/EtOAc 9:1), 43%tH NMR (400 MHz, CDCI s): 1 7.88 (d,J=
8.1 Hz, 1H), 7.55¢ 7.43 (m, 1H), 7.42 7.13 (m, 2H), 6.78 (d,J= 9.9 Hz, 1H), 5.50 (d,J
= 9.9 Hz, 1H), 5.10 (tJ= 9.1 Hz, 1H), 2.14 (m, 2H), 2.04 (s, 1H), 1.91.1.68 (m, 2H),
1.62 (s, 3H), 1.55 (s, 3H), 1.50 (s, 3H).

2,7-DIMETHYL -2-(4-METHYLPENT -3-EN-1-YL)-2H-5H-PYRANO [4,3-B]PYRAN -5(2H)-

ONE (12): Orange Oil (Rf: 0.2 in PE/EtOAc 95:5), 38%H NMR (400 MHz, CDCl 3):
6.42 (d,J=10.1 Hz, 1H), 5.76 (s, 1H), 5.30 (dl= 10.1 Hz, 1H), 5.06 (tJ= 8.6 Hz, 1H),
2.20 (s, 3H), 2.13 1.90 (m, 2H), 1.93 1.68 (m, 2H), 1.66 (s, 3H), 1.57 (s, 3H), 1.40 (s,
3H).
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CANNABIORCICHROMENE (CBCO, 14):Brown oil ( Rf: 0.35 in PE/CHCI2 6:4). 22%H
NMR (400 MHz, CDCl 3): 1 6.61 (d,J= 10.0 Hz, 1H), 6.23 (s, 1H), 6.11 (s, 1H), 5.49 (d,
J=10.0 Hz, 1H), 5.09 (tJ= 7.1 Hz, 1H), 2.13 1.97 (m, 2H), 2.05 (s, 3H), 1.761.63 (m,
2H), 1.66 (s, 3H) 1.57 (s, 3H), 1.37 (s, 3H).

CANNABIVARINOCHROMENE ~ (CBCV, 15): Brown Oil ( Rf: 0.9 in Pe/EtOAc 9:1), 33%.
1H NMR (400 MHz, CDCI 3): % 6.61 (d,J= 10.0 Hz, 1H), 6.24 (s, 1H), 6.12 (s, 1H), 5.49
(d, 3= 10.0 Hz, 1H), 5.09 ()= 5.6, 1H), 2.42 (t)= 7.9 Hz, 2H), 2.18 2.05 (m, 2H), 1.65
(s, 3H), 1.57 (s, 3H), 1.72 1.48 (m, 4H), 1.37 (s, 3H), 0.91 (= 7.3 Hz, 3H).

DIMETHYLHEPTYLCANNABICHROMENE  (DMH -CBC, 16): Brown oil (Rf. 0.40 in
PE/EtOAc 9:1), 40%2H NMR (400 MHz, CD Cls): %6.61 (d,J= 10.0 Hz, 1H), 6.39 (s,
1H), 6.25 (s, 1H), 5.51 (dJ=10.0 Hz, 1H), 5.09 (tJ= 7.4 Hz, 1H), 2.32% 2.02 (m, 2H),
1.76¢ 1.62 (m, 2H), 1.65 (s, 3H), 1.57 (s, 3H), 1.851.44 (m, 2H), 1.39 (s, 3H), 1.31

1.12 (m, 6H), 1.19 (s, 6H)1.11% 0.99 (m, 2H), 0.94 0.60 (m, 3H).

D IMETHYLPENTYLCANNABICHROMENE (DMP -CBC, 17): Brown oil (Rf: 0.9 in

PE/EtOAC 7:3, 57%)H NMR (400 MHz, CDCI 3): % 6.67 (d,J= 10.0 Hz, 1H), 6.42 (s,
1H), 6.31 (s, 1H), 5.52 (dJ= 10.0 Hz, 1H), 5.13 (tJ= 7.2 Hz, 1H), 2.18¢ 2.12 (m, 2H),

1.80¢ 1.55 (m, 2H), 1.69 (s, 3H), 1.60 (s, 3H), 1.341.50 (m, 2H), 1.25t 1.17 (m, 2H),

1.22 (s, 6H), 1.1% 1.03 (m, 2H), 0.87% 0.83 (t, J = 7.4 Hz, 3H).

7-HEPTYL-2-METHYL -2-(4-METHYLPENT -3-EN-1-YL)-2H-CHROMEN -5-OL (18): Brown

oil (Rf: 0.4 in PE/EtOAc 7:3, 52%)'H NMR (400 MHz, CDClI 3): % 6.65 (d,J= 10.0 Hz,
1H), 6.27 (s, 1H), 6.16 (s, 1H), 5.51 (d= 10.0 Hz, 1H), 5.12 (tJ=5.7 Hz, 1H), 2.46 (tJ
= 7.8 Hz, 2H), 2.18 2.06 (m, 2H), 1.821.54 (m, 13H), 1.41 (s, 3H)1.38¢ 1.23 (m, 13H),
0.90 (t,J= 6.4 Hz, 3H).

2-METHYL -2-(4-METHYLPENT -3-EN-1-YL)-7-PENTADECYL -2H-CHROMEN -5-OL (29):

Brown oil ( Rf: 0.67 in PE/EtOAC 95:5, 50%)H NMR (400 MHz, CDCI 3): % 6.61 (d,J=
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10.0 Hz, 1H), 6.25 (s, 1H), 6.11 (s, 1H), 5.49 (d= 10.0 Hz, 1H), 5.09 (tJ= 7.6 Hz, 1H),
2.43 (1,J= 7.7 Hz, 2H), 2.092.02 (m, 2H), 1.66 (s, 3H), 1.58 (s, 3H), 1.38 (s, 3H), 1.34
1.20 (m, 28H), 0.88 (t)= 6.8 Hz, 3H).

2-METHYL -2-(4-METHYLPENT -3-EN-1-YL)-7-PHENETHYL -2H-CHROMEN -5-OL (20):
Brown QOil (Rf: 0.9 in PE/EtOAc 9:1), 40%'H NMR (400 MHz, CDCl 3): » 7.51¢ 7.03
(m, 5H), 6.61 (d,J= 10.0 Hz, 1H), 6.29 (s, 1H), 6.11 (s, 1H), 5.51 (d= 10.2 Hz, 1H),
5.10 (t,J= 9.0 Hz, 1H), 3.13t 2.63 (m,4H), 2.10 (m, 2H), 1.78 1.70 (m, 2H) 1.66 (s,
3H), 1.57 (s, 3H), 1.38 (s, 3H).

(E)-2-METHYL -2-(4-METHYLPENT -3-EN-1-YL)-7-STYRYL-2H-CHROMEN -5-OL (22):
Yellow oil ( Rf: 0.25 in PE/EtOAc 9:1), 33%H NMR (400 MHz, CDCI 3): 1 7.47 (d,J=
7.5 Hz, 2H), 7.34 (tJ= 7.5 Hz, 3H), 7.03 (dJ= 16.2 Hz, 1H), 6.91 (d,J= 16.2 Hz, 1H),
6.65 (d,J= 10.0 Hz, 1H), 6.62 (s, 1H), 6.45 (s, 1H), 5.56 (@= 10.0 Hz, 1H), 5.11 (tJ=
9.2 Hz, 1H), 2.12 (m, 2H), 1.8G 1.63 (m, 2H), 1.66 (s, 3H), 1.59 (s, 3H), 1.40 (s, 3H)

YTTERBIUM  (Ill) TRIFLATE CATALYZED CHROMENILATION . SYNTHESIS OF
FERPRENINE (13):to a stirred solution of 4 -hydroxycoumarin (1g, 6.17 mmol, 2 eq) in
methanol (30 mL), citral (530 mL, 3.8 mmol, 1leq) and a catalytic amount of
Ytterbium (llIl) Triflate were added. The reaction was stirred overnight at room
temeprature, then quenched with Na:COs s.s. and extracted with EtOAc. The
combined organic phases were washed with BRINE and dryed. The crude was
dissolved in ethanol (10 mL) then sodium borohydride (100 mg, 100 mg/g substrate)
was added; the solution was stirred for 15 minutes, then quenched with H 2:SO: 2M
and extracted with EtOAc. The combined organic phases were washed with BRINE
and dryed. The crude was purified by chromatography on silica gel (PE/EtOAc 95:5,
Rf: 0.45) to afford 668 mg of brown oil (73%), identified as ferprenine (13).
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FERPRENINE (13):*H NMR (400 MHz, CDClI 3): 5 7.78 (d,J= 7.9, | H), 7.51 (tJ= 7.6, 1
H), 7.30:7.24 (m, 2 H), 6.57 (dJ=10.1, 1 H), 5.46 (dJ= 10.1, 1 H), 5.08 (tJ= 6.5, 1H),
2.141.67 (M, 4 H), 1.60 (s, 3H), 1.54 (s, 3H), 1.51 (s, 3H).

EXTRACTION OF GERANYL GERANIOL (22)FROM BIXA SEEDS: 100g of Bixa OrellanaL.
dry seeds were suspended in 500 mL of petroleum ether 4060 °C. The suspension
was let in extraction for 3 days, then filtered over filter paper (particle retention: 40
5, A6 w | Ul Uwdbaiad,Yah Gy ted r¥sieiee was obtained: the latter was
purified by chromatography on silica gel (PE/EtOAc 95:5, Rf: 0.42) to afford 588 mg
of yellow oil identified as geranyl geraniol ( 22, 0.30 %).*H NMR (400 MHz, CDCI 3):
1 1.60 (M, 9 H), 1.69 (m, 6 H)1.9:2.15 (m, 13 H), 4.15 (d,)= 6.6 Hz, 2 H), 5.085.14
(m, 3 H), 5.41 (,J= 6.6 Hz, 1 H)

SYNTHESIS OF GERANYL GERANIAL (23).OXIDATION OF 22:to a stirred solution of 22
(560 mg, 1.5 mmol, 1 eq) in petroleum ether (30 mL), potassium carbonate (122 mg,
0.80mmol, 0.5 eq), manganese (ll) oxide (5 g, 1 g/100 mg substrate) was added. The
suspension was stirred for 1 hour until complete consumption of the starting
material (controlled by TLC), then filtered over a celite pad. After solvent
evaporation, the crude was purified by chromatography on silica gel (PE/EtOAc 9:1,
Rf: 0.82) to afford 220 mg of yellow oil identified as geranyl geranial 23 (40 %).'H
NMR (400 MHz CDCl s): %1.62 (s, 1H), 1.70 (s, 3 H), 1.912.12 (m, 13 H), 2.19 (s, 3H),
2.24 (m, 3H), 5.165.12 (m, 3 H), 5.92 (dJ= 9.2 Hz, 1H), 10.1 (dJ= 8.2 Hz, 1H).

SYNTHESIS OF 2-METHYL -CBC (26):00Ux 1T OODP Ol wophK!l ws + Qwhdt +t w
paraformaldehyde (50 mg, 1.636 mmol., 1 equiv.) were heated for 2 hours at 120 °C,

then CBC (200 mg; 1.@ mmol; 1 equiv.) was added. The resulting solution was stirred

at 125 °C for 1 h monitoring the course by TLC. The reaction was worked up by

dilution with BRINE and extraction with EtOAc. The organic phase was dryed and
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the solvent evaporated. The residue was purified by column chromatography
(PE/EtOAC 9:1 as eluant and 10 mL of silica gel as stationary phase) to give 180 mg
of an amber oil. The latter was dissolved in n-butanol (4 mL), and sodium
cyanoborohydride (26 mg, 0.411 mmol., 1 equiv.) was added under continuous
stirring at room temperature. The mixture was heated to 120 °C for 1 h monitoring
the course by TLC. The reaction was worked up by cooling to room temperature,
dilution with brine and extraction with Et 20. The organic phase was dryed and the
solvent evaporated. The residue was purified by column chromatography
(PE/EtOAC 98:2) to give an amber oil (120 mg, yield 53% over two steps) identified
as 26 (Rf: 0.54 in PE/EtOAc 9:1).

1H NMR (400 MHz, CDCl 3): % 6.66 (d,J= 10.0 Hz, 1H), 6.31 (s, 1H), 5.54 (d]= 10.0
Hz, 1H), 5.14 (t,J= 8.5 Hz, 1H), 2.53 (tJ= 7.4 Hz, 2H), 2.2% 2.07 (m, 2H), 2.11 (s, 3H),
1.69 (s, 3H), 1.61 (s, 3H), 1.38 (s, 3H), 1.441.29 (m, 8H), 0.93 (tJ= 6.3 Hz, 3H).

M ETHYLATION OF 26(27):to a solution of 26 (80 mg; 0.243 mmol.; 1 equiv.) dissolved
in MeOH (2 mL), TMS-CHN22.0 M in n-hexane (1.2 mL, 2.43 mmol, 10 equiv.) was
added under continuous stirring at room temperature. The mixture was left fo r 24 h
monitoring the course by TLC. The reaction was worked up by decomposition of the
TMS-CHN 2 excess with AcOH, quenched with BRINE and extracted with EtOAc.
The combined organic phases were dryed and the solvent evaporated. The residue
was purified by column chromatography (PE/EtOAc 98:2) to give an amber oil (70
mg, yield 87%) identified as 27.

1H NMR (400 MHz, CDCl 3): % 6.52 (d,J= 10.0 Hz, 1H), 6.36 (s, 1H), 5.45 (d]= 10.0
Hz, 1H), 5.02 (t, J= 7.4 Hz, 1H), 3.63 (s, 3H), 2.48.37 (m, 2H), 2.05 §, 3H), 1.59 (s,
3H), 1.50 (s, 3H), 1.30 (s, 3H), 1.28.21 (m, 8H), 0.83 tJ= 7.2 Hz, 3H).2*C NMR (100
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, L AOow" "% ABLIE, 143.1, 131.6, 128.4, 124.2, 120.4, 117.9, 112.5, 112.2, 77.8,
61.3, 41.0, 33.7, 31.8, 29.8, 26.2, 25.6, 22.7, 22.5, 17.6, 14.0, 11.0.

FORMYLATION OF 1(28):to a solution of DMF (246 ni, 3.18 mmol, 10 equiv.) in dry
CH2Cl2 (6 mL), POCIs (267 L, 2.86 mmol, 9 equiv.) was added under nitrogen and
stirred at 0 °C for 30 min. A solution of 1 (100 mg, 0.318 mmol, 1 equiv.) in dry CH:Cl>
(4 mL) was then added dropwise at 0 °C. The reaction was then left 12 h at room
temperature and the course monitored by TLC, then quenched with BRINE and
extracted with EtOAc. The combined organic phases were dryed and the solvent
evaporated. The residue was purified by column chromatography (PE/EtOAc 95:5)

to give an amber oil (30 mg, yield 30%) identified as 28.

1H NMR (CDCI 3, 400 MHz): % 10.02 (s, 1H), 6.69 (dJ= 10.1 Hz, 1H), 6.17 (s, 1H), 5.47
(d, J=10.1 Hz, 1H), 5.08 (t, J= 6.7 Hz, 1H), 2.77 (tJ= 7.9 Hz, 2H), 2.161.93 (m, 2H),
1.65 (s, 3H), 1.52 (s, 3H), 1.41 (s, 3H), 1.40L.17 (m, 8H), 0.88 (tJ= 4.0 Hz, 3H).

SIBX OXIDATION OF CANNABINOCHROMENOIDS . REACTION WITH CBC (1) AS
EXAMPLE : t0 a cooled (ice bath) solution of 1 (1 g, 3.18 mmol) in ethyl acetate (EtOAc,
15 mL), SIBX (4.46 g, 6.36 mmol, 2 equiv.) was added in small portions. The cooling
bath was removed, and the suspension was stirred at room temperature for 18 h and
then filtered over a celite pad. The filtration cake was washed with EtOAc (10 mL),
and the pooled filtrates were washed with saturated Na 2503 and next with BRINE.
After the drying and evaporation, the residue was purified by GCC on silica gel

(PE/EtOAC 9:1 as eluant) to afford 638 mg of CBC(@BO0as ared oil (59%).

1H NMR (CDCI 5, 400 MHz): %6.47 (d,J= 9.9 Hz, 1H), 6.40 (bs, 1H), 5.56 (d]= 9.9 Hz,
1H), 5.07 (t,J= 6.9 Hz, 1H), 2.39 (tJ= 7.6 Hz, 2H), 2.08 (m, 1H), 1.88 (m, 1H), 1.66
(overlapped, 2H), 1.64 (s, 3H), 1.55 (s, 3H), 1.49 (m, 2H), 46 (s, 3H), 1.32 (m, 4H),
0.89 (t,J= 6.7 Hz, 3H).
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DEPRENYL-CBC QUINONE (29):Red oil (Rf: 0.55 in PE/CHCI28:2), 63%.*H NMR (400

MHz, CDCl 3): % 6.44 (d,J= 10.0 Hz, 1H), 6.43 (s, 1H), 5.62 (dl= 10.0 Hz, 1H), 2.42 (t,
J=8.3 Hz, 2H), 1.58 1.47 n, 2H), 1.52 (s, 6H), 1.38 1.31 (m, 4H), 0.90 ()= 6.3 Hz,

3H).

PRENYL-CBC QUINONE (31): Red oil (Rf: 0.85 in PE/EtOAc 9:1), 43%.'"H NMR (400
MHz, CDCI 3): 1 6.48 (d,J= 10.1 Hz, 1H), 6.42 (s, 1H), 5.57 (d]= 10.1 Hz, 1H), 5.12
5.07 (M, 2H), 2.42 (tJ= 7.5 Hz, 2H), 2.151.88 (m, 6H), 1.74 1.22 (m, 20H), 0.91 ()=
6.7 Hz, 3H).

BISPRENYL-CBC QUINONE (32): Red oil (Rf: 0.48 in PE/EtOAc 95:5), 53%.'H NMR

(400 MHz, CDCls): % 6.48 (d,J= 10.0 Hz, 1H), 642 (s, 1H), 5.57 (dJ= 10.0 Hz, 1H),
5.155.06 (m, 3H), 2.42 (tJ=7.96 Hz, 2H), 2.161.88 (m, 10H), 1.7%1.45 (m, 15H), 1.4%1
1.31 (m, 4H), 1.27 (s, 3H), 0,91 (= 6.5 Hz, 3H)

CANNABIVIRIDOCHROMENE QUINONE (CBCVQ, 33): Red oil (Rf: 0.3 in PE/EtOAC
98:2), 42%.H NMR (400 MHz, CDClI 3): % 6.46 (d,J= 10.1 Hz, 1H), 6.40 (s, 1H), 5.55
(d, J= 10.1 Hz, 1H), 5.06 (tJ= 7.8 Hz, 1H), 2.37 (tJ= 8.2 Hz, 2H), 2.1& 2.02 (m, 2H),
1.69¢ 1.46 (m, 4H), 1.64 (s, 3H), 1.55 (s, 3H), 1.45 (s, 3H), 0.96)% 7.3 Hz, 3H).

DIMETHYLHEPTYLCANNABICHROMENE QUINONE ~ (DMH -CBCQ, 34):Red oil (Rf: 0.45

in PE/EtOAC 9:1), 60%tH NMR (400 MHz, CDCl 34 6 w ¥ w §=510. 0z gl B)OaB3 (s,
1H), 5.47 (d,J= 10.0 Hz, 1H), 4.99 (tJ= 7.1 Hz, 1H), 2.05 1.99 (m, 2H), 1.661.44 (m,

10H), 1.40 (s, 3H), 1.22 1.07 (m, 6H), 1.15 (s, 6H), 1.02 0.92 (m, 2H), 0.78 (tJ= 6.9

Hz, 3H).

2-METHYL CBC QUINONE (35):Red oil (Rf: 0.45 in PE/CHCI:2 8:2), 51%H NMR (400
MHz, CDCl 3): 1 6.52 (d,J= 10.1 Hz, 1H), 5.54 (dJ= 10.1 Hz, 1H), 5.09 (t)= 8.4 Hz,
1H), 2.49 (t,J= 9.0 Hz, 2H), 2.13t 2.02 (m, 2H), 2.04 (s, 3H), 1.67 (s, 3H), 1.58 (s, 3H),
1.47 (s, 3H), 1.43 1.26 (m, 8H), 0.89 (m, 3H).
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4.21 INTRODUCTION

As said in Chapter 1, phytocannabinoids from Cannabishave a linear alkyl
substituent spanning from one to seven carbons bound to their resorcinol core (Citti
&al., 2019)p' EOU|] wd wEé®éiStemte\otbtadched chain cannabinoids of the
iso- and anteisoseries is, in principle, plausible from a biogenetic standpoint | since
the alkyl resorcinol moiety of phytocannabinoids derives from ketide pathway:
branchingwould therefore simply require the replacement of the acetate starter with
a starterderived from a branchedaminoacid However, branched phytocannabinoids
of this type have only been tentatively detected as trace constituents of Cannabis
substantially remaining unconfirmed curiositi es in its inventory of constituents
@ EOU|] wd wEddRelyl ngitdiogenetic branching at the benzyl carbon of
the alkyl residue has played a critical role in research on Cannabisand cannabinoids
even since the earlysynthesis of these compounds by Adams in the early forties of
the past century (Appendino, 2020).

After discovering that CBD in acidic conditions generated an intoxicating mixture of
tetrahydrocannabinol isomers Adams decided to start a structure-activity systematic
work using an isomer (1) of tetrahydrocannabinols as a starting point. This
compound was not present in the mixture of tetrahydrocannabinols he had obtained
from CBD, but was, nevertheless, relatively easy to synthesize.

Taking advantage of previous study on CBN and of Pechmann coumarin synthesis,
Adams prepared | Ea wE OOE 1 O U KkdidesieOwitlddlivetsl ud o afford ester 2
and then treatment with excess of methyl magnesium bromide (Scheme 1, pathway
Nl EwUEEIT ObE wé&BRHCURdams@lalui1941). Although this compound
| which also obtained by Todd through a more direct synthesis (Scheme 1, pathway

Il) (Gosh & al., 1941)] showed only 10% of the activity of the intoxicating mixture
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derived from CBD, the position of its endocyclic double bond was certain and this

evidence allowed to start the SAR studies about the alkyl-side chain (Adams & al.,

1942)

o~ O

OH
| OH
o * I =
~ HO CsHyq
0”0
3 4

Excess of
MeMgBr

OH
OH
" 10a
i*@ ‘ Q —
| HO CHis
5 4

pulegone

SCHEME 1 SYNTHESIS OF | ®-1%»-THC PROPOSED BY ADAMS (I) AND ToDD (II). SOURCE: ADAPTED FROM
(APPENDINO, 2020)

This work led Adams to make some interesting considerations:

1

1

if the substituent in position 3 was a n-alkyl side -chain, the major potency
was reached when this moiety corresponded to a six-carbons linear chain;
(Table 1, point 1)

a notable increment of activity was caused by branching in benzylic position:
if the branching occurred in a different position of the straight side -chain, the
potency linearly decreased; (Table 1, point 2)

the concomitantly modulation of the lengthen and the branching of the alkyl
side-chain increased the effect potency; (Table 1, point 3)

the larger the steric bulk was, the higher the potency was. The maximum of

x EOQwl I i 1T EUwPEVUWUI OEUI EwUOwWUT I-dimetoyl U1 OEI
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the potency. (Table 1, point 4)

Dimethylheptylcannabinoids

c 3-Substituent No. of expts. Potency
Natural tetrahydrocannabinol
from cannabidiol 20 73x089
-CsH11-n 20 1.00 Standard
-CeH1z-n 7 1.82+0.18

! -C7H1sn 10 1.05+0.15
-CgHazn 0.66 £0.12
-CH(CHs)C4Ho 3.17 £0.33
-CH(GHg)CsH> 11 1.67 £0.33

2 | -CH,CH(CHs)CsH~ 7 158 +0.41
-CH;CH;CH(CHs)C;Hs 10 1.26 +0.18
-CH,CH,CH,CH(CH). 4 1.14 +0.10
-CH(CHs)CeH13 10 16.4 + 3.67

3 | -CH(CHs)C/H1s 19 32.6 +3.02
-CH(CHs)CgH17 2.08 +1.49
-C(CHg)2CsH~ 4.18 +0.34
-C(CHs)2CeH13 21.8+1.91

4 | -CH(CHs)CH(CHs)CaHo 39+8
-CH(CHs)CH(CHs)CsHu 18 512 +72.6
-CH(CHs)CH(CHs)CsH13 5 19+35

TABLE 3ADAMS ' SAR STUDIES ON THE ALKYL SIDE -CHAIN . THE BIOLOGICAL END -POINT USED TO CALCULATE
THE POTENCY WAS ?THE DOG ATAXIA ASSAY ? SBOURCE: ADAPTED FROM (ADAMS & AL.,1948) (ADAMS & AL.,
1948) (ADAMS & AL.,1949)

This systematic research led to the discovery ofpyrahexyl6| the mixture of the eight
EDIi 11Ul OUwEPEUEBGIANTaU] W & 0@ @t-BHCE O Grticu O1 w |
generated a biological response several hundred time more potent than the one of its

precursor. (Figure 1) (Table 1)
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OH

=

(0]

6
pyrahexyl EA-2233-2

DMHP
EA-2233X

FIGURE 3 CHEMICAL STRUCTURE S OF PYRAHEXYL AND ITS MOST POTENT ANALOG EA-22332.

400 OUUUOEUI aOw EEOUZwPOUOWOOWEEOOEEDOOPEU
his activity had to be redirected to areas of military interest like the discovery of
antimalarial compounds and synthetic rubber (Appendino, 2020) .

The Cold War era witnessed a race to incapacitating chemical weapons: in particular,

the aim of U.S. Army Chemical Corps was to find non -lethal compounds able to

make woozy the adversary soldiers (William & Himmelsbach, 1946) . The activity

profile of pyrahexyl made it a perfect lead compound for this army program: so, from

1948 to 1975 an intense chemal work was carried out to synthesize all the eight

possible isomers of pyrahexyl | renamed dimethyl heptylpyranlDMHP) or EA-2233

since the experiments took place at Edgewood Arsenal in Maryland | and to test

their biological activity. (Figure 1)

EA-2233-2 (7) resulted the most promising isomer due to its great incapacitating

action at low concentration and its relatively safe toxicological profile (Ketchum,

20064, b)

In 1973,Loev & alEOOUDPOUI EwUI T w EEOzUw2 1wUUUEDPI UO
animal models, replacing dogs with rabbits. Some changes in the order of potency

were evidenced, but ultrapotency was confirmed (Loev & al., 1973). Starting from

1984, Pfizer joined this research field with the development of new antinociceptive
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analogs of phytocannabinoids: the archetypal structure was represented by 9-nor-
N éhydroxyhexahydrocannabinol ( 8), a synthetic cannabinoid which retains the
EOEOI | UbE udTHEWIikbhigdludre)w ExDUEODADOT wUi T w EEC
Ul Ul EUET w U U U Edinietbyhepty | sidewdBain ¥v&sYintroduced, and the
dihydropyran ring fremoved, eventually obtaining two co mpounds that turned out
to be of critical relevance for the study of the biological profile of cannabinoids:
1 CP-55940(9) was used in the studies that led to the discovery of cannabinoid
receptors and of endocannabinoids (Johnson & al., 1981) (Matsuda & al.,
1990) (Di Marzo, 2018) (Figure 2)
1 CP-47-497 (10), (Stern & Lambert, 2007), also known ascannabicyclohexanol
was the first synthetic cannabinoid discovered in the illegal market, soon

followed by analogues with longer chains (Weissman & al., 1982)

(Appendino & al., 2014). (Figure 2)

FIGURE 4 CHEMICAL STRUCTURE SOF_ °-THC DERIVATES DEVELOPED BY PFIZER.

In the late 1980s, attempting to obtain stereospecific cannabinoid ligands, the

, 1 ET OU Géséarct) group developed a potent synthetic analog of metabolic
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EITUPYEUBYI Qubiub ET wb E U wkiddindr dudttits Breatestamlity U w
(Mechoulam & al., 1988)Mechoulam & al., 1990).

As discussed in Chapter 1,during Phase | metabolism THC is oxidised at the allylic
methyl group in position 9, leading to 11-hydroxyTHC 12 which retains the
lipophilicity and consequentially the intoxicating activity of its precursor.

I OUT wdiMehylheptyl enantiomeric analogs o f 11-hydroxy- &THC were
synthesized. (-)-(3R,4R}11-hydroxy 8-THC| renamed HU-210(13) |

revealed high potency and affinity, as well as agonist marked activity for CB

receptors (Mechoulam & al., 1988) (Stern & Lambert, 2007) (Figure 3)

FIGURE 5 CHEMICAL STRUCTURE S OF 11-HYDROXY - 8-THC (12), HU-210(13),  &-THC-11-o0i1c ACID (14),
AND AJULEMIC ACID (15).

According to this discovery, the following aim was obtaining a compound with a
EDOOOI PEEOWEOEwWxT EUOEEOOOT BHE Gnevinpéticad | WE DI
it had to give a huge therapeutic action without inducing intoxicating and adverse

UPET wi i i1 E0Uwep' EOCUj] woéw, 1 ET OUOEOOWI YYKk K

Taking inspiration from the previous work,  &THC-11-oic acidl4was selected ashit

compound (since it was not able to cross thebloodbrainbarrier(BBB)due to its higher
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hydrophilicity ,EQE wi OUwUT PUwUI E U OO wETHE respaddekhileY 1 O O x
its n-pentyl side -chain had been elongated and branched to improve the potency and

affinity (Burstein & al., 1992). This easy and simple modulation provided the
preparation of a new analgesic and anti-inflammatory analog, referred to as ajulemic

acid(HU -239,15) (Burstein, 2000) (Figure 3)

Eventually, also the CBD scaffold was evaluated for the introduction O wUOT 1 w? OET ¢
EPOI UT a0l I xUaOwUl UPEUIT wp+l PUI wé wEOOwWRNWI Aw
Following this modification, no particular changes on affinity, and potency towards

CB receptors were detected inlaevorotatory serig@R,4R) (6 & 17), but surprisingly,

in dextrorotatory seriges(+}DMH -CBD (18) showed a marked improved affinity

towards CB: receptor compared to its n-pentyl analog 19 (Bisogno & al., 2001)

(Morales & al., 2017) (Figure 6)

LAEVOROTATORY SERIES DEXTROROTATORY SERIES

OH

HO
19

FIGURE 6 CHEMICAL STRUCTURES OF LAEVO - AND DEXTROROTATORY SERIES OF CBD ANALOGS .

The effect on the biological activity of the gemdimethyl substitution at the n-benzylic
position of phytocannabinoids has never been investigated systematically: only

modulation on THC -type and CBD-type frameworks had been explored.
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If the interaction with CB 1 and partially with CB 2 receptors has beenintensively
examined, very little is known on the effect of this small, but important
pharmacological manoeuvre (Talele, 2017) on other cannabinoid targets {onotropic
like the TRP channels, andgenomidO D Ol w/ / 1 wK¥b

Spurred by the limited literature availa ble, the lack of a complete and clearly defined
biological profile, and the relatively simple chemistry synthesis, we have implanted
CBC, and CBN), as well as in their correspording quinones. The biological
investigation focused on the cannabinoid receptors (CBiand CBz) and the thermos-

TRPs ion channels.
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4.2.2RESULTS AND DISCUSSION

These DMH analogs were obtained from the huz -Oilnethylheptyl resorcinyl corg?,
prepared as shown in Scheme 2 The ketone 25 was obtained using chemistry
developed by Weinreb. Commercially available 3,5-dimethoxycarboxilic acid 20was
reacted with oxalyl chloride 21, providing the corresponding acyl chloride which
underwent hydroxyamidation with N,O -dimethylhydroxylamine hydrochloride 22
The resulting hydroxamide 23 was treated with hexylmagnesium bromide 24,
affording the ketone 25. Treatment of 25 with Al(Me) s | in presence of Ti(Cl)|
afforded 26, which was finally demethylated using BBr s to get dimethylheptyl
resorcinyl core 27. (Scheme 2)

Isoprenylation was then carried out by using the same chemistry applied to the
synthesis of the corresponding n-pentyl cannabinoids, namely, Lewis -acid catalyzed
geranylation with geraniol28for the Y Odimethylheptyl analog of CBG (DMH-CBG,
31), terpenylation with 2,9-p-menthadiernl-ol 29 under different conditions for DMH -
CBD (32) and DMH - 8-THC (33), chromenyation with citral for DMH -CBC (34), and

iodine -treatment of 34 for CBN-DMH ( 35). (Scheme3)
(0]

cl |
0._OH %CI DMF gtt, CHyCladry O Na~ 0
NN
DN reflux BrMg
21 1h 24
~ e H ~ ~ o ~ -
o o fl “Hci  Pyr.CHCldry O o] THF dry 0 °C Y o
20 20 RT 23 RT 25
22 overnight overnight
80 % 97%
CH,Cl, dry -45 °C Ti(Cl)s Al(Me)s
RT '
overnight
--------------------------- 60 %
BBI’3
CH,Cl, dry 0 °C - _
HO OH RT (6} (6}
27 overnight 26
DMH resorcinyl core ' 98 %

............................

SCHEME 2 SYNTHESIS OF 1',1-DMH RESORCINYL CORE.
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/JQQ/A\V/L§/”\OH

28
Al,05 BF3*Et,0

OH

H
CH,Cl, RT | © 4

48 h

31

64 %

W(;KOH

29
Al,03, BF5*E,0

CH,Cl, dry, 40 °C
OH 10 seconds

60 % 32

HO A
OH
27

29
PTSA

Toluene, reflux
2h

85 %

)\/\)\H‘“
ko OH
30
n-BuNH, =

Toluene, reflux (o) 4
ON

40 % 34

Toluene, reflux
2h l2

83 %

4

35

SCHEME 3 CONVERSION OF THE DMH RESORCINYL CORE INTO THE CORRESPONDING  MAJOR
PHYTOCANNABINOIDS . SYNTHETIC PROTOCOLS APPLIED 31 (BAEK & AL., 1985),32 (BAEK & AL., 1995),33
(CROMBIE & AL.,1988),34(ELSOHLY & AL.,1982)& 35(CAPRIOGLIO & AL.,2019).
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A few experimental details are worth discussing. Thus, in order to get the CBG
analog 31, in dry ambient and under N 2 atmosphere BFR-etherate was added
dropwi se to a stirred suspension of AOsin CH 2Cl dry. After stirring 15 minutes at
room temperature, the suspension was heated to 40 °C for 1 minute, andgeraniol
and 27 were quickly added. The mixture was stirred at room temperature over two
days. Following the procedure just described | by replacing geraniol with 2,9 -p-
menthandienol | compound 32 was obtained: after stirring at RT for only 10
seconds, the reaction was quenched with a NaHCG: solution to prevent the
cyclisation. The, &THC analog 33was obtained by reacting DMH resorcinol 27 with
p-menthandienol in presence of p-toluenesulfonic acid (PTSA).

For the preparation of the CBC analogue, a solution of 27 and BuNH 2 heated at to 60
°C for 10 minutes. Citral was then added, and the mixture was refluxed overnight,
affording compound 34. Finally, treatment of 34 with | 2 in toluene reflux provided
the CBN analog 35.

The resorcinolic cannabinoids obtained in this way were then converted to their
corresponding quinones, using the chemistry described in Chapter 3. (Scheme 3
Surprisingly, all finale quinones resulted stable compounds and were refractory to
azaMichael addition.

The loss of Michael-acceptor properties was associated to an increase of stability. In
a comparative experiment, CBDQ and DMH -CBDQ (39) were stored in a fume hood
at room temperature under visible light: with the n-pentyl product degradation was
already detectable after two days, and in two weeks was complete (confirmed by
NMR spectra), while 39was stable for at least three months under these conditions.
The biological activity of the dimethylheptyl cannabinoids is ongoing. As with the
CBC analogues, the endpoint investigated are the cannabinoid receptors and the

thermo-TRPs.
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SCHEME 4 OXIDATION OF DMH ANALOGS TO CORRESPONDIN G ORTHO- AND PARA-QUINONES , AND FAILED
AZA-M ICHAEL ADDITION /DEHYDROGENATION .
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