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ABSTRACT: The cannabinoids are members of a deceptively simple class of terpenophenolic secondary metabolites isolated from Cannabis sativa
highlighted by (-)-A’-tetrahydrocannabinol (THC), eliciting distinct pharmacological effects mediated largely by cannabinoid receptor (CB1 or CB2)
signaling. Since the initial discovery of THC and related cannabinoids, synthetic and semisynthetic classical cannabinoid analogs have been evaluated to

help define receptor binding modes and structure-~CB1/CB2 functional activity relationships. This perspective will examine the classical cannabinoids, with

particular emphasis on the structure—activity relationship of five regions: C3 side chain, phenolic hydroxyl, aromatic A-ring, pyran B-ring, and cyclohexenyl

C-ring. Cumulative structure—activity relationship studies to date have helped define the critical structural elements required for potency and selectivity

toward CB1 and CB2 and, more importantly, ushered the discovery and development of contemporary nonclassical cannabinoid modulators with enhanced

physicochemical and pharmacological profiles.
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History of Cannabis Sativa
Cannabis sativa has one of the longest histories of plants used
for medicinal and recreational uses by humans. Cannabis, com-
monly known as marijuana, has been used throughout human
history to treat a wide variety of ailments, with some of the
earliest known references dating back to 2600 BC in ancient
Chinese texts prescribing its use for relieving pain and cramp-
ing. While the medicinal and psychoactive properties of can-
nabis were well known for thousands of years, it was not until
the late 19th century that cannabis fell under scientific scrutiny
to understand the underlying mechanisms of these actions. The
first scientific report in the Western world on the medicinal
use of cannabis came from an Irish physician, Sir William B.
O’Shaughnessy, who noted in 1843 that hemp “possesses, in
small doses, an extraordinary power of stimulating the diges-
tive organs, exciting the cerebral system, of acting also on the
generative apparatus.”! This report also noted the ability of
hemp oil to alleviate pain, both rheumatic and otherwise in ori-
gin, and perhaps most remarkably noted the effects of hemp oil
in reducing seizures in infants, a use now being heavily explored
for medical marijuana and therapeutic use of cannabinoids.
With the rise of research on natural products and the
isolation of alkaloids such as morphine and cocaine, from
the opium poppy and coca plant, respectively, cannabis was
thought to possess similar chemical constituents. Much of the

early research conducted on cannabis and hemp oil cantered
on the search for alkaloids and other amine natural products
and attempts to develop colorimetric tests for cannabinoids.?
'The search for psychoactive compounds in cannabis, however,
led not to a mixture of alkaloids but to the discovery of new
terpenes. Most isolation experiments followed a similar pro-
cedure for nearly 100 years; hemp oil would be extracted with
organic solvents, filtered, followed by removal of the solvent
and fractional distillation of the resulting residue.® This resi-
due, referred to as red oil, possessed biological activity similar
to that of the plant material, and when further fractionally
distilled would yield an active fraction at 180 ‘C-190 °C
(1 mm), called purified red oil. It was this purified red oil
that was used in most chemical studies from the 1840s until
the 1940s, when the adoption of chromatographic methods
became more prevalent. The first secondary metabolite of can-
nabis isolated was cannabinol, in 1896, which was from puri-
fied red oil derived from hemp by Wood et al.* Their work was
unable to be repeated until 1933 when Cahn reported a partial
structure of cannabinol; the structure was fully elucidated by
two groups in 1940 (Fig. 1).>”7

It was initially thought that cannabinol was the active
constituent of cannabis, but these early reports, likely obtained
using impure cannabinol extracts, were proved erroneous
in the 1930s.>% From 1940 until the 1960s, several other
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Figure 1. Structures of cannabinol, A>-THC, and cannabidiol.
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noncannabinoid natural products in cannabis were isolated,
including cannabidiol (CBD).? The active component of can-
nabis was finally discovered in 1964 by Gaoni and Mechou-
lam, with the report of the structure and partial synthesis of
(-)-A’-tetrahydrocannabinol (THC).1® The discovery of new
compounds in cannabis has continued, with over 100 phyto-
cannabinoids reported to date.

Phytocannabinoids

Phytocannabinoids are found throughout all major morpholo-
gies of cannabis. Cannabinoids are mixed polyketides derived
from malonyl-CoA, hexanoyl-CoA units prenylated with
geranyl phosphate.!™™3 This biosynthetic pathway, shown in
Figure 2 with the synthesis of CBD, THC, and CBN, pro-
duces several classes of phytocannabinoids.

Of the more than hundred phytocannabinoids isolated
and characterized, THC and CBD, depicted in Figure 1, have
received the most attention in both basic science and clinical
research. THC is marketed as dronabinol (Marinol®) and is
currently approved for the treatment of anorexia in Acquired
Immune Deficiency Syndrome (AIDS) patients and chemo-
therapy-induced nausea and vomiting.'* CBD has not been
approved by the US Food and Drug Administration (FDA),
but clinical trials are underway exploring the use of CBD,
branded as Epidiolex®, in the treatment of epilepsy and Dravet
syndrome, a severe seizure disorder in children.!>!® Despite the
long-standing traditional medicinal uses of cannabis, and the
culmination of scientific evidence leading to FDA approval of
THC, the mechanism of action of cannabinoids in humans
remained a conundrum until recently. The cannabinoid (CB)
receptors remained elusive for 30 years after the discovery of
THC. Both CBD and THC exert their therapeutic effects
through the CB receptors, in addition to G-protein-coupled
receptor 55 (GPRS55), 5-hydroxytryptamine (5-HT)-3A
ligand-gated ion channel, transient receptor potential cation
channel Ankyrin type 1 (TRPA1), and transient receptor
potential cation channel vanilloid type 1 (TRPV2).17-20 The
pharmacology of CBD is not entirely understood with respect
to the treatment of seizures; CBD has been shown to block
both CB receptors, activate several TRP cation channels, and

activate the 5-HT , receptor.’$1%:21

CB Receptors and the Endocannabinoid System
The G-protein-coupled receptor (GPCR) superfamily of genes
encodes for 800 GPCRs. This superfamily of genes is further

divided into five major families: glutamate, rhodopsin, adhe-
sion, frizzled/taste2, and secretin.?? The largest of these is the
rhodopsin family, containing 672 GPCR genes, approximately
300 of which encode known GPCRs, with the remainder
classified as orphan receptors whose structure, endogenous
ligand(s), and function remain unknown.?>?> GPCRs are
characterized by having a transmembrane domain unit with
seven alpha-helices coupled to a G-protein consisting of three
subunit proteins: Ga, B, and v. Upon binding of an agonist
ligand to the transmembrane domain, the G-protein subunits
catalyze downstream functions by coupling to another cellular
protein (eg, adenylyl cyclase, protein kinases, etc.).?® Because of
their significant role in human cellular functions, drugs target-
ing GPCRs make up 30%—40% of all drugs on the market.?’

The CB receptors are members of the rhodopsin-like
family of GPCREs. 'The first evidence of a CB receptor surfaced
in 1984, with Howlett et al demonstrating that select cannab-
inoids decreased cyclic adenosine monophosphate (cAMP)
concentrations in neuroblastoma cells.?®?° Further work in
1986 showed that cannabinoids induce a decrease in cAMP
production, and this effect was eliminated by exposing cells
to pertussis toxin, a known Gai (commonly referred to simply
as the Gi protein) protein inhibitor, which strongly suggested
the presence of a CB binding GPCR.3® In 1988, the same
group characterized a CB-specific receptor in rat brain, and
in 1990, the CB1 receptor was finally cloned from a cDNA
library from rat cerebral cortex tissue.3! In the same year that
CB1 was discovered, tissue distribution studies showed that
CB1 was one of the most abundantly expressed receptors in
the brain, nearly equivalent to the expression of glutamate and
GABA receptors.3?33 The correlation between CB1 localiza-
tion in the brain and the known pharmacological effects of
CB agonists was made immediately clear; CB1 expression
in the basal ganglia and cerebellum was associated with the
effects on gait, and expression in the cerebral cortex and hip-
pocampus was associated with the effects on cognition and
memory. More recent studies have found CB1 expression in
the spleen, tonsils, gastrointestinal tract, uterus, prostate, vas-
cular smooth muscle cells, and adrenal glands.>*

While the CB1 receptor was commonly referred to as the
CB receptor, this receptor did not account for the well-docu-
mented immunomodulatory effects of cannabis. The search
for an explanation led to the discovery of the CB2 receptor
in 2 human promyelocytic leukemia cell line in 1993.3%3 The
human CB1 and CB2 receptors share 48% sequence identity
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Figure 2. Phytocannabinoid biosynthesis.
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and are both coupled to G proteins; neither CB1 nor CB2
has been crystallized to date.’¢ While the CB receptors are
primarily coupled to Gi proteins, there is mounting evidence
that much of the pharmacological effects of CB1 are mediated
through Gs and Go proteins as well; this is in contrast with
CB2, which thus far has only been found coupled to Gi.3¢8
The pharmacology of the CB2 receptor has a long, complicated
history since its discovery, with numerous contradicting
reports and flawed methodologies, leading some to call CB2
“a receptor with an identity crisis.”*’ The CB2 receptor, unlike
CB1, is not highly expressed in the CNS. For several years
after its discovery, CB2 was known as the peripheral CB
receptor, owing to its high expression levels in the spleen and
immune cells and relative absence from the brain.*° This was
proven incorrect, however, with CB2 protein expression in
microglial cells in the brain and reports of CB2 expression in
neurons. CB2 expression in the brain correlated with neuro-
inflammation, with one study in 2005 showing a 200-fold
upregulation of CB2 receptors in microglial cells in an iz vitro
autoimmune encephalomyelitis model.*!

These and many other results, however, have been
called into question, as anti-CB2 antibodies used in these
immunohistochemical methods have been demonstrated
to have nonspecific binding with other proteins.*>* The
immunomodulatory role of CB2 has remained unchallenged,
and CB2 has been heavily implicated in neurodegenerative
diseases such as Huntington’s and Alzheimer’s diseases.**
Increased expression of CB2 in the brain was confirmed with
CB2-selective positron emission tomography (PET) tracers
in Alzheimer’s mice models; this increased expression was
concomitant with the formation of amyloid-beta plaques, sug-
gesting a potential utility for CB2 PET tracers as diagnostic
for the onset of neuroinflammation.

Activation of either CB1 or CB2 produces a dose-
dependent decrease in cellular cAMP levels and modulation
of intracellular Ca?* and K* levels.*® Stimulation of CB recep-
tors results in activation of the p42/44 mitogen-activated pro-
tein kinases (MAPK), otherwise known as the extracellular
signal-regulated kinases 1 and 2 (ERK1 and ERK2), respec-
tively, as well as p38 MAPK and c-Jun N-terminal kinases.*"*
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Signal transduction studies have linked this CB1/2 media-
tion of ERK1/2 to downstream regulation of genes, control-
ling cytokine synthesis, transcription regulation, and cell
differentiation (Fig. 3).*»%

Endocannabinoid System

While the discovery (and the naming) of the CB receptors was
driven by a desire to understand the pharmacological effects
of cannabis, both receptors are involved in extensive signaling
pathways known as the endocannabinoid system. The presence
of CB GPCRs suggested the existence of endogenous ligands,
and as most phytocannabinoids are highly lipophilic, it was
assumed that these ligands would likely be lipids.

'The identification of anandamide (AEA) by the Mechou-
lam group in 1992 confirmed its role as an endogenous ligand
for the CB receptors, with a K, of 61.0 nM at CB1 and
1,930 nM at CB2.552 AEA produces similar effects to that
of the exogenous phytocannabinoids, with administration to
rodents of AEA inducing hypothermia, analgesia, catalepsy,
and appetite stimulation.’>>* Furthermore, its tissue distribu-

tion is highly similar to that of CB1: the highest levels of AEA

are found in the hippocampus and cerebellum and to a lesser
degree in the spleen and heart tissue.>> Soon after the discov-
ery of AEA followed the identification of several more endo-
cannabinoids, namely, 2-arachidonoylglycerol (2-AG), with K,
values of 472 £ 55 nM at CB1 and 1,400 + 172 nM for CB2,
O-arachidonoyl ethanolamine, with K. values of 1,900 nM
at CB1 and 1,400 nM at CB2, and 2-arachidonoyl glycerol
ether, with K values of 21.2 nM at CB1 and 480 nM at CB2
(Fig. 4).°°>? Although initially considered an insignificant
component of the endocannabinoid system, the role of 2-AG
has evolved to that of one of the more important signaling
molecules in the brain. 2-AG has been linked to the modula-
tion of feeding, hypotension, neuroprotection, cell prolifera-
tion, and other interesting physiological processes.®063

For a very broad overview, endocannabinoid signaling
typically occurs in retrograde fashion, from post- to presynap-
tic neurons (Fig. 5). Due to the highly hydrophobic nature of
endocannabinoids like 2-AG, it was initially thought that endo-
cannabinoids were synthesized in the same cell in which recep-
tor binding occurs. This was supported by the observation that
endocannabinoids could approach a receptor by moving laterally
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Figure 3. Neuronal CB signaling. Activation of a CB receptor with an agonist causes several downstream effects: inhibition of adenylcyclase and inwardly
rectifying calcium channels, and activation of potassium channels as well as the mitogen-activated protein kinase pathway. Activation of MAPK modulates
gene expression, depending on downstream signaling, cell types, etc. Gene expression can also be modulate as a downstream effect of adenylyl cyclase

inhibition through the activation of protein kinase A.

Abbreviations: MAPK, mitogen-activated protein kinases; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A.
Note: Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, copyright 2004150
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through the cell membrane, through postsynaptic nonretrograde
signaling.** However, the identification of AEA in interstitial
fluid and cell incubation media suggested additionally that AEA,
and likely other endocannabinoids, can travel across a synapse by
either passive diffusion or active transport mechanisms, although
a specific mechanism has yet to be resolved.®5-68

In retrograde signaling, endocannabinoids cause a vari-
ety of downstream effects. Presynaptic CB1 activation causes
two major neurotransmitter inhibition mechanisms: short-
term and long-term plasticity.”” In short-term plasticity,
elevation of the intracellular Ca?* levels by postsynaptic depo-
larization stimulates the production of 2-AG, which diffuses
across the neuronal synapse to CB1 receptors on the presyn-
aptic neuron.”%72 Activation of CB1 causes inhibition of Ca?*
influx via voltage-gated Ca?* channels and subsequent down-
regulation of neurotransmitter release. Long-term plasticity,
while initiating in a similar fashion, involves the suppression
of neurotransmitter release via the downregulation of cAMP
production and protein kinase A inhibition.

Once released, endocannabinoids are rapidly deactivated
by two enzymes: fatty acid amide hydrolase 1 and monoacyl-
glycerol lipase.** The distribution of these enzymes provides
some evidence as to the signaling mechanisms carried out
by the endocannabinoid system, as fatty acid amide hydro-
lase 1 is located postsynaptically and monoacylglycerol
lipase presynaptically.

The role of CB2 is less well defined than CB1 in the endo-
cannabinoid system. The involvement of CB2 in the endocan-
nabinoid signaling system has been relegated to that of an
immunomodulatory mediator. Like CB1, CB2 also decreases
the production of cAMP, although to a lesser degree, and
unlike CB1, it has not been found to be coupled to G pro-
teins other than Gi, somewhat limiting its inhibitory effect on
Ca?" and K* channels.*® Also unique to the activation of CB2

receptors is an initial decrease in cAMP production, followed
by a sustained increase up to 10-fold in T-cell cAMP levels,
which can lead to suppression of T-cell signaling, manifesting
phenotypically as an immunosuppressant effect.”> Immuno-
histochemical and mRNA analyses show CB2 localization to
occur primarily in microglial cells in the brain, neutrophils,
macrophages, monocytes, and lymphocytes peripherally,
with significantly increased expression under inflammatory

conditions.*b7475

Increased endocannabinoid production in
immune cells has been linked to pro-inflammatory stimuli
and hematopoietic stem cell differentiation.”®”” For a more
in-depth discussion of endocannabinoid signaling, several

timely reviews have been published.®78-82

Synthetic Classical Cannabinoids

Since the initial discovery of THC and other related cannabi-
noids, numerous modifications and analogs were synthesized
in an attempt to define the structure—activity relationship
(SAR) of THC at both CB1 and CB2. A9-THC contains five
major structural features, depicted in Figure 6: the C3 side
chain, phenolic hydroxyl, and three rings: the aromatic A-ring,
pyran B-ring, and cyclohexenyl C-ring. While not present in
any natural cannabinoids, some important synthetic analogs
replace the pyran B-ring with a substituted aliphatic chain,
and as such, the southern aliphatic region is included as a major
structural feature of classical cannabinoids.

Many of the earliest SAR studies on classical cannab-
inoids involved modifications to the C3 side chain. While
most analogs contain saturated straight or branched alkyl
chains, a number of C3 side chains incorporating unsatu-
rated alkyl chains, heteroatoms, and functional groups such
as esters, carboxylic acids, ethers, nitriles, and heterocycles
were reported, with varying effects on CB1 and CB2 potency
and selectivity.

Anandamide (AEA)
CB1=61.0nM
CB2 =1930 nM

2-arachidonoylglycerol (2-AG)
CB1 =472 +55nM
CB2=1400+ 172 nM

O-arachidonoyl ethanolamine
CB1 =1900 nM
CB2 =1400 nM

Figure 4. Structures and CB receptor affinities of major endocannabinoids.

2-arachidonyl glyceral ether (2-AGE)
CB1=21.2nM
CB2 =480 nM
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Figure 5. Synaptic endocannabinoid signaling. Dashed arrows indicate inactivation of endocannabinoid.
Abbreviations: AA, arachidonic acid; DAGs, diacylglycerols; ER, endoplasmic reticulum; MAPK, mitogen-activated protein kinases; PIP2,
phosphoinositide bisphosphate; PKA, protein kinase A; PLC, phospholipase CB; PPARs, peroxisome proliferator-activated receptors; TRPs, transient

receptor potential channels; VGCCs, voltage-gated calcium channels.

Note: Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, copyright 2015.44

C3 alkyl analogs. The length of the C3 side chain of
THC directly correlates with CB1 and CB2 binding affinity;
an increase in chain length leads to an increase in binding
affinity at both receptors (Fig. 7). CB binding affinity data
for methyl- or ethyl-substituted THC analogs have not been
published; however, a study conducted in 2011 examined the
functional activity of these THC analogs, demonstrating
decrease in the receptor affinity in a linear fashion with
decreasing chain length.® Interestingly, this study found an
inverse relationship between chain length and TRPA1 chan-
nel activity; a one-carbon chain was found to be a potent
TRPA1 agonist, this effect decreasing with additional car-
bons on the chain. This may be a contributing factor to the
biological significance of cannabinoids like propyl-substituted
A9-tetrahydrocannabivarin, which does not activate either
CB receptor yet retains numerous biological effects.

Utilizing the C3 alkyl chain as a point of diversification
in classical cannabinoids has remained a staple of CB research
since the discovery of A9-THC. Numerous analogs, contain-

ing a variety of carbon chains and rings with and without
heteroatom incorporation, provided a well-defined and pre-
dictable SAR profile for this portion of the THC scaffold.
Of the major pharmacophores defined for classical CB
SAR, the C-3 side chain seems to have the largest influence
on binding affinity for the CB receptors. Table 1 illustrates a
homolog series of A8-THC and A9-THC analogs with various
saturated aliphatic substitutions. Entries 1 and 2, A9-THC
and A8-THC, respectively, are nearly equipotent at both CB
receptors, displaying partial agonist functional activity. As
such, A9-THC and A8-THC are interchangeable in most
SAR studies. Examining various alkyl chain lengths (entries
2-9), there is a definite requirement for at least 3 carbons, with
5-8 carbon length chains being optimal.®4* Binding affinity
at CB1 receptors is further enhanced by the addition of methyl
groups on the alkyl chain, preferably at the 1" and 2’ positions.
A systematic study of methylated A8-THC analogs (entries
10-16) revealed 1" and 2 substitutions to be optimal, with a
slight decrease in affinity in 3-methyl analogs 14-15 and a
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Table 1. C3 alkyl analogs of A8-THC and A9-THC (human CB1 and CB2).

CB,K,(nM)  CB,K (nM)  FUNCTIONAL  REF

1 A9-THC A9-THC 40.7 £1.7 36+10 Partial Agonist 132,133

2 A8-THC A8-THC 44 +12 44 +17 134

3 A9-THC

4 A9-THC

5 A9-THC A9-THCV 754 62.8 Mixed 84

6 A8-THC JWH-130 65+13 85

7 A8-THC JWH-124 41 +3.8 85

8 A8-THC JWH-091 22+3.9 85

9 A8-THC JWH-138 85+14 85

10 (s) A8-THC 20+4 86

11 (R) A8-THC 76+0.6 86

12 H A8-THC 11+1 86

W

13 AJ\/\ A8-THC 19+5 86
(R)

14 () A8-THC 53+1 86

15 ®) A8-THC JWH-359 38+3 86

16 /\/\)\ A8-THC 141 £ 52 86

17 (R) A8-THC 0.51 +£0.02 87

18 (S) A8-THC 20+£0.3 87

19 /,\/k/\/\ A8-THC 1.4+0.2 87
(R)

20 W A8-THC 20+0.8 87
(S)

21 (S) A8-THC 95+29 87

(Continued)
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Table 1. (Continued)

# CB NAME CB, K, (nM) CB, K, (nM) FUNCTIONAL REF
22 (R) A8-THC 1.3£0.2 87

23 A/\/k/\ A8-THC 18+2 87
(S)

# AB-THC 3245 87
®

25 ® AB-THC 7549 87
26 s AB-THC 38+5 87
27 /\/\/\)\ AB-THC 19+ 1 87
28 : A8-THC 0.46 + 0.04 88

(5

G
29 AB-THC 0.81+0.08 83

S

-9
30 : AB-THC 0.84+0.21 83

(R

®

31 AB-THC 0.60+0.15 88

)

©
32 //>< AB-THC 14+18 89
33 /><\ AB-THC 1409 89
34 /><\/ A8-THC 109417 89
35 /><\/\ AB-THC JWH-133  3.9+09 89
36 /><\/\/ A8-THC 27412 89
37 /><\/\/\ A8-THC 0.83 0.49 89
38 W A8-THC 0.09 +0.1 89
39 W A8-THC 16+0.4 89
40 /><\/\/\/\/ AB-THC 6.1+1.8 89
# /><\/\/\/\/\ AB-THC 258458 89
(Continued)
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Table 1. (Continued)

# CB NAME CB, K, (nM) CB, K, (nM) FUNCTIONAL REF
42 /><\/W\/\/ A8-THC 126 + 18 89
43 A8-THC 0-964 0.65+.012 3.1+0.13 Agonist 135
A
44 w A8-THC 0-1317 0.86 +0.09 Agonist 85
45 ;{'\;/\/\ A8-THC 0-584 49+2.0 Partial Agonist 85,136
46 L=~ A8-THC 0-1020 9.0+1.3 Agonist 85
47 M;/\ A8-THC 0-1052 19+13 Agonist 85
48 L= A8-THC 0-1004 367 +23 85
49 A8-THC 703 +98 90
50 OH A8-THC 402.4 161.5 91
51 OH A8-THC AMB855 22.3 58.6 91
52 @%/\/\/\ A8-THC 5421 455.6 91
53 OH A8-THC 126.0 £22 137
\t@[l/\/\

sharp decrease in 4-methyl analog 16, with little difference
in affinity observed between the R and § isomers.%¢ Given
the near doubling of receptor affinity by the 7-carbon chain
analog 8, a similar study of compounds with a 7-carbon alkyl

chain, entries 17-27, showed a similar trend, although less
pronounced than the 5-carbon chain analogs.?” Again, there
were minimal differences between R and S isomers, with bind-
ing affinity optimal at the 1" and 2’ positions in 17-20, slowly
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Figure 6. SAR of classical cannabinoids (left) major pharmacophores of classical cannabinoids, and common regions of functionalization and analog

synthesis; (right) dibenzopyran numbering of A9-THC.

decreasing as the methyl substitutions is moved down the alkyl
chain (entries 21-27). Expanding on this trend, 1,2-dim-
ethylheptyl analogs 28-31 possessed subnanomolar binding
affinity, with essentially no difference in activity observed
between the four diastereomers.®® A series of 1,1-dimethy-
lalkyl analogs (entries 32—42) with chains lengths of 2-12
carbons displayed a similar trend to that of the unsubstituted
homolog series (entries 2—9), with optimal binding affinity for
CB1 achieved between 5 and 9 carbons.® The 1',1-dimethyl
substitution clearly has a significant effect on the affinity how-
ever, as none of the entries in this series, with the exception of
the 12-carbon chain analog 42, had binding affinities greater
than 100 nM. The 1',1-dimethylalkyl-substituted analogs have
typically been preferred over the 1’,2-dimethylakyl congeners,
since the latter possesses two stereogenic centers, which add
unnecessary complexity in synthesis with the potential for for-
mation of diastereomeric mixtures.

Introducing unsaturation on the alkyl chain does not
significantly modulate CB1 receptor binding, with activity
retained between homologs of the same chain length [eg, compare
the unsaturated 8-carbon analogs 45-47 (K, = 4.9 £ 2.0 nM,
9.0 £ 1.3 nM, and 19 £ 1.3 nM, respectively) to the saturated
8-carbon analog 9 (K, = 8.5 + 1.4 nM)].*> Similar to the unsat-
urated series, chain length has a significant influence on affin-
ity, with the terminal acetylene 4-carbon analog 48 showing
modest affinity at CB1 (K, =367 £ 23 nM).

A series of rotationally restricted A>-THC analogs, entries
49-52, narrow the possible conformers the alkyl chain can

Increasing potency

Figure 7. Relationship between alkyl chain length and CB receptor
binding affinity.

adopt. Entry 49, reported by Huffman and Yu incorporates
the typical 5-carbon chain with a six-membered ring bridging
the aryl C-2 and alkyl C2’, exhibited low affinity for the CB1
receptor.”® This is reinforced by a series of compounds (entries
50-52), reported by Khanolkar et al, in which the 7-carbon
homolog 50 displayed equally poor affinity for both CB1 and
CB2." Shifting the alkyl chain to the adjacent carbon on the
alkyl chain restores the affinity to 22.3 and 58.6 nM for CB1
and CB2, respectively. The significant loss in affinity for 49, 50,
and 52 suggests that the lateral orientation of the alkyl chain
is not the relevant conformer for receptor binding, rather the
conformer 51 with the chain orienting downward, away from
phenol. It is unlikely that the ring in 50 and 51 is occupying
space required by either receptor, as the 2-iodo-substituted 53
retains modest affinity at CB1; the C4—C2’ ring of 54, how-
ever, follows a similar pattern of other C4-substituted analogs
with significant loss of affinity, suggesting that this space is
required in the CB1 receptor for binding.”? Substitution with
an adamantyl group in place of the alkyl chain also retained
potency at both CB1 and CB2, suggesting that favorable
hydrophobic interactions can be made with the receptor in the
C1” and C2’ positions on the chain.”

These aliphatic side chain analogs offer several conclu-
sions that can be inferred with regard to CB receptor bind-
ing requirements. A 5-8 carbon length alkyl chain is optimal,
with binding affinity decreasing when shorter and longer
alkyl chains are incorporated. Restricting the flexibility of the
alkyl chain lends some insight into the optimal conformation
for receptor binding. First, introducing methyl substitutions
in various positions on the chain adds steric congestion that
restricts the number of possible rotamers, in addition to pro-
viding hydrophobic bulk that may be interacting with the
receptors. Branching close to the aromatic ring provides a
minimum 10-fold increase in affinity for CB1 (17 and 18 vs. 8),
with affinity diminishing as the methyl group is moved down
the chain further from the aryl ring (19-27), and the best
affinity is achieved with 1,2~ and 1’,1-dimethyl substitu-
tions. Second, restricting rotation by introducing double and
triple bonds on the chain follows a similar pattern: cis-double
bonds and triple bonds in the C1” position (43 K. = 0.65 nM,
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44 K. = 0.86 nM) have no change in receptor binding, with
affinity decreasing as the triple bond is moved down the chain
to the C2” position (45 K,=4.9 nM), C3" (46 K;=9.0 nM), and
C4’ positions (47 K, =19 nM). Third, restricting the C1” and
C2’ carbons in a ring results in the chain orienting in a linear
(50 K, = 402.4 nM) or downward fashion (51 K = 22.3 nM),
illustrated in Figure 8.

To investigate the SAR requirements of C1” substitutions
on the side chain, several series of compounds containing ali-
phatic rings and heterocycles were synthesized, as illustrated
in Table 2. Transforming the 1’,1-geminal dimethyl substitu-
tion into a compact cyclopropyl ring further enhances activity
at both receptors.”* Expanding the ring size to 4, 5, and 6 car-
bons modulates the activity as a function of the lowest energy
conformation of the alkyl chain, as well as the presence of
hydrophobic bulk, potentially creating steric clashes with the
putative binding site in the receptor. Quantitative structure—
activity relationship studies confirm that the cyclopropyl and
cyclopentyl rings force the chain into similar favorable orien-
tations, with the cyclobutyl- and cyclohexyl-substituted chains
adopting less favorable conformations for optimal receptor
binding.” This orientation, with the alkyl chain oriented per-
pendicular to the aromatic ring of the THC scaffold, appears
to be the optimal conformer for receptor binding.

In addition to the alkyl chain conformation, the increased
affinity of these compounds also suggests the presence of a
hydrophobic binding subsite near the phenyl ring in both CB1
and CB2. Both receptors appear to be indifferent to heteroa-
toms at this position, illustrated by the high affinity of ana-
logs 60—62; however, CB2 has a preference for smaller rings,
as larger substitutions such as the cyclohexyl analog 58 and
bulky benzodithiolane 63 show decreased affinity for CB2 but
not for CB1.

The replacement of the alkyl chain with various ring
structures results in a variety of effects on receptor bind-
ing (Table 3). To explore the necessity of hydrophobic bulk
near the phenolic ring, a series of saturated alkyl ring analogs

22.3 nM

Figure 8. Rotational conformers of 3-heptyl-A8-THC. Studies of
rotationally restricted alkyl chains determined that the optimal
conformation of the chain is oriented downward away from the phenol,
rather than linearly away from the phenyl ring.

were synthesized and evaluated. Bulky bornyl and adaman-
tyl derivatives 64—67 display interesting profiles, depending
on the substitution pattern of the rings. An epimer change
from bornyl-substituted 64 and isobornyl 65 results in 10-fold
selectivity for CB2, and the location of the link between the
adamantyl and phenolic rings results in either CB1 preference
for 66 or CB2 for 67. The differences in binding affinity of
these compounds can be explained, at least in part, by con-
formational analysis of each compound. The allowable con-
formational space of 65 and 67 both occupy a larger volume
than that of their respective isomers 64 and 66, suggesting
that such compounds are better accommodated by the CB2
receptor. 'This hypothesis is further reinforced by the loss of
selectivity by the more flexible analog 68, which is capable of
accessing both conformational spaces.”>¢"7

Using more planar phenyl rings, analogs 69-75 display
modest activity at both receptors. Replacing the alkyl chain
in A8-THC with an aromatic ring (69) leads to a reduction
in affinity, and expansion of the ring to a naphthyl analog 70
enhanced affinity. Reincorporating the gem-dimethyl linker
in 71-75 restores activity to low nanomolar affinity; substitut-
ing the phenyl ring in the para-position requires a bulky, non-
polar group, with affinity increasing from para-fluoro analog
72 to p-methyl 75. Moving these groups to the meza-position
negates any loss in receptor activity by substitution, as illus-
trated by meta-fluoro analog 76.

The addition of heteroatom substitutions on the termi-
nal position of the alkyl chain provides analogs that display
increases in binding affinity as well as enhanced polarity
(Table 4). The use of halogens and nitrile pseudohalogens on
the terminal position of the alkyl chain for both the pentyl
(77) and dimethylheptyl (79) analogs provides an increase
in binding affinity over their hydrocarbon homologs, while
substitution with smaller halogens such as fluorine (78) cause
a loss of affinity at CB1. One postulation on this change
between fluorine and bromine is that the 5-bromide chain
(77) is closer to length of a 7-carbon chain, with the bromine
essentially serving as a bioisostere for two carbons.”® The addi-
tion of a more polar carboxyl group (81) causes a significant
loss in CB1 affinity to 222 * 63 nM, while retaining CB2
affinity at 4.00 = 1.35 nM. Using substituted carboxamide
groups (82-86), with the exception of 85, shows similarly high
affinities for both receptors. Removing the carboxamide linker
and directly coupling a heterocycle to the alkyl chain is not
detrimental to binding affinity, as seen in morpholine 87 and
imidazole 88. These analogs provide a welcomed decrease in
lipophilicity, as the vast majority of classical CB analogs are
insoluble in water, severely hampering their potential utility as
therapeutic candidates.

In another effort to improve the pharmacoki-
netics and Dbioavailability of classical type cannabi-
noids, Nikas et al.”” and Sharma et al.1% synthesized a
series of side chain analogs containing a labile ester, in
order to increase polarity and solubility and to extend
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Table 2. C3 analogs of A8-THC and A9-THC.

# cB NAME CB, CcB, FUNCTIONAL REF
K, (nM) K, (nM)
54 /X\/\/\ A8-THC AMG-41 0.44 +0.07 0.86 +0.16 94
55 //25\/\/\ A8-THC 1.5+0.2 11.5+ 3.4 138
56 /é\/\/\ A8-THC AMG-36 0.45+0.07 1.92+0.4 139
57 /ij\/\/\ A8-THC 18.4 + 2.1 23.5+4.1 138
58 /ij\/\/\/ A8-THC 13.6+2.4 143 +31.5 138
59 /ij:\/\/\/ A8-THC 3.9+05 49+07 138
60 W A8-THC 0.32+0.08 0.52 £0.17 135
S S
-/
61 W A8-THC 0.52 +0.11 0.22 +0.06 139
O O
-/
62 W A8-THC 32.3+4.0 19.7+27 139
S S
63 W A8-THC 56.9+6.8 257 + 41 139
s” s

the half-life in vivo (Table 5). Installing an ester in the
2’ position on the side chain afforded analogs with
enhanced binding affinities at both CB1 and CB2.
Carboxyester 90, while retaining nanomolar activity at
both receptors suffered from an extremely short half-life
of 0.7 minutes in mouse plasma.!’® Adding the usual
1,1-dimethyl substitution in 91 increased the half-life
substantially to 120 minutes, with a 90-fold and 30-fold
increase in affinity at CB1 and CB2, respectively. Analogs
containing a cyclobutyl ring exhibited improved half-lives
to 263 minutes with no binding affinity cost at either recep-
tor. Introducing steric hindrance near the ester carbonyl
demonstrated a clear strategy for increasing the half-life
for analogs 93-95 through inhibition of ester hydrolysis.

C1 phenol analogs. Another major point of structure
modification on the THC scaffold is the C1 phenol (Table 6).
Analogs lacking the phenolic hydroxy group or those that have
been modified with minor changes to the phenolic group can
result in drastic changes in the pharmacological activity of these
compounds. It was quickly realized that etherification or removal
of the phenol generated compounds that displayed significant
selectivity for CB2. For example, the deoxy-A8-THC analog 96
is >300-fold selective for CB2; addition of the 1’,1-demethyl
group in analog 97 results in a slight decrease in selectivity to
200-fold. Conversion of the phenol to a methyl ester in analog 98
results in approximately 800-fold selectivity for CB2 over CB1.

Analogs 99 and 100 represent two compounds that
demand additional comment. It was discovered that forcing
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Table 3. C3 analogs of A8-THC and A9-THC.

# (03] NAME CB, CB, FUNCTIONAL REF
K, (nM) K, (nM)
64 A8-THC AM735 8.9+1.0 74+0.8 97
65 A8-THC AM731 60.2+0.8 6.1+0.6 97
66 ;@ A8-THC AM411 6.80 52.0 Agonist 93
67 £ A8-THC AM744 349 14.0 Agonist 93
68 \(E A8-THC AM757 79.7 76.0 Agonist 93
69 4 A8-THC 95.5+16.7 71.8+12.2 140
70 A8-THC 11.7£1.6 9.4+15 140
71 /><© A8-THC KM-233 12.3+0.6 0.9+01 141
72 /><©/F A8-THC 76115 12.4+0.2 141
73 /><©/CI A8-THC 18.8+14 1.7£0.2 141
74 /><©/Br A8-THC 5.03+0.4 1.5+0.2 141
75 6<E>/ A8-THC 31+£04 0.9+01 141
76 A8-THC 53+£09 0.9+0.02 141
F

the orientation of the phenol oxygen lone pair toward the
cyclohexene ring resulted in analogs with optimal CB recep-
tor activity.!”! Both of these compounds were tested before
the discovery of the CB receptors, making in vifro analysis
unavailable (and not been determined since); however, intra-

peritoneal injection of these compounds in animal assays
showed similar potency to A>-THC for 100, and almost no
activity for 99. The presumption for some time was that the
free phenol served as an important hydrogen bond donor, but
the reanalysis of these compounds showed that while this may
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Table 4. C3 analogs of A8-THC and A9-THC.

# CB NAME CB, CB, FUNCTIONAL REF
K, (nM) K, (nM)
77 W A8-THC 10.8+1.8 137
Br
78 W A8-THC 81+3.5 137
F
79 A8-THC 1.27+£0.13 142
Br
80 A8-THC O-774 0.6 £0.05 2.94 +1.40 Agonist 143,144
CN
81 (0] A8-THC 0-607 222 +66.3 4.00+£1.35 Agonist 144
WOH
82 O A8-THC 0-1125 0.86 £ 0.06 1.98 £0.26 Agonist 143,145
WN
|
83 o) A8-THC 1.2+0.2 3.23+0.29 143,144
N
WN
H
84 o (\O A8-THC 6.0 £0.65 11 +£0.91 146
w ’N\)
N
H
85 (0] A8-THC 112+ 14 389 +46 146
/><\/\)J\N/H
LN
86 (0] A8-THC 1.3£0.12 0.57 £0.04 146
L_o
87 6(\/\/0 A8-THC 0-704 3.0£2.0 114 +0.54 Agonist 143,144
: CN
88 (\O A8-THC 2.8+0.35 1.0+£0.16 146
6<\/\/N\)
89 FN A8-THC 0-2545 1.3+0417 0.12+0.01 146
WN%

be true for CB1, there is no necessity for hydrogen bonding in
this position for CB2. Computational modeling studies sug-
gested that the diminished selectivity of the deoxy analogs
compared to the methoxy analogs could be a result of inverted
binding to the receptor, where the pyran oxygen can serve as a
hydrogen bond acceptor in the CB1 receptor.!%?

C9/C11 analogs. The C11 methyl group is another
major pharmacophore at which minor structural changes can

significantly modulate receptor binding (Table 7). Substitu-

tions at this position do not confer selectivity when compared
to analogs modified at the C1 phenol; however, binding affin-
ity can be greatly enhanced. Methylene analogs 101 and 102
retain similar affinities to their respective homologs 37 and 98,
with slightly higher CB2 selectivity for 102 (1,000-fold) com-
pared to 98. Conversion of the methylene group to a carbonyl
almost completely eliminates this selectivity in 104. Nabi-
lone, 103, is one of two marketed CB therapeutics, approved
by the US FDA in 1985 as an antiemetic. Hydroxylation of
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Table 5. C3 analogs of A8-THC and A9-THC.

# CB NAME CB, (¢1- FUNCTIONAL REF
K, (nM) K, (nM)

90 (@] A8-THC 271 +£4.5 51.5+11.2 Agonist 100
)"UJ\O/\/\

91 (6] A8-THC 0.3£01 17+£04 Agonist 100
%O/\/\

92 (0] A8-THC 0.7+0.2 3.0£0.7 Agonist 100

O/\/\

93 (0] A8-THC 0.8+£0.3 0.7+0.2 99
%OMBF

94 (6] A8-THC 0.5+£0.2 14+07 99
%O/\/\CN

95 (@] A8-THC 34+11 1.3£0.3 99

/%ko W
N=/

Table 6. C1 analogs of A8-THC and A9-THC.

# (o]:] NAME CB, CB, FUNCTIONAL REF
K, (nM) K, (nM)

96 A8-THC JWH-056 >10,000 32+9.0 134

97 A8-THC JWH-133 677 + 132 3.4+1.0 134

98 A8-THC L-759,633 15,850 20 + 12.4 147

99 A8-THC - - 101

100 A9-THC ~A8-THC - 101
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the C11 methyl group is a major metabolite of THC, which
retains activity at both receptors at subnanomolar affinities. This
analog, 105, better known as HU-210, has been widely used
in CB pharmacology studies. Removal of the phenol in 106
confers a slight selectivity for CB2, but this is mitigated by the
presence of the C11 hydroxy group. Aldehyde 107 and carbox-
ylic acid 108 are also major metabolites of THC, which maintain
modest affinity at the CB receptors. Compound 108, ajulemic
acid, is currently undergoing clinical trials for cystic fibro-
sis, diffuse cutaneous systemic sclerosis, and dermatomysitis
under the name Resunab.!%71% The decreased selectivity of the
oxygen-substituted analogs 103-108 compared to their more

selective homologs was the subject of a computational study,
which suggested that the phenolic hydroxyl group was neces-
sary for CB1 binding by hydrogen bonding with lysine 192,
and the introduction of polar group on the C-11 position may
satisfy this requirement.!% The removal of the unsaturation at
C9 introduces another stereogenic center, which can dramati-
cally affect receptor binding. Hydroxy analogs 109 and 110
show remarkably diverse activities; the R-diastereomer 109 is
6-fold and 17-fold more potent at CB1 and CB2, respectively,
compared to S-diastereomer 110. This effect does not appear to
be guided by hydrogen bonding interactions with either recep-
tor, as the (R)-methyl analog 111 binds with higher affinity

Table 7. C9/C11 analogs of A8-THC and A9-THC.

# CB NAME CB, CB, FUNCTIONAL REF
K, (nM) K, (nM)
101 1.82+0.11 0.58 £ 0.30 147
102 L-759,656 >20,000 19.4£3.8 147
103 Nabilone 219+0.89 1.84 +0.42 Agonist 147
(Cesamet)
104 621+ 215 132+ 44 147
105 HU-210 0.73+0.11 0.22+0.18 133
106 JWH-051 1.2+0.1 0.032+9.0 102
(Continued)
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Table 7. (Continued)

# CcB NAME CB, CB, FUNCTIONAL REF
K, (nM) K, (nM)
107 2.24 +0.05 2.61+0.36 147
108 CT-3, 628 51 103
JBT-101,
Ajulemic Acid,
Resunab
109 23.9 40.5 148
110 146.3 671.8 148
111 ® ABa-THC 29+ 12 18 £12 149
OH
=z
(0)

at both receptors. Compound 111 is also the only reported
A6-THC analog.

Miscellaneous analogs. Early SAR studies revealed that
the pyran ring was not a requirement for cannabinergic activ-
ity in animal assays. Subsequent work on the core structure
of 112 identified what is arguably one of the most important
synthetic cannabinoids ever discovered, CP 55,940 (113); its
radiolabeled [SH]-CP-55,940 isotope has been one of the
most widely employed reference ligands used in pharmacology
studies (Table 8).The use of radiolabeled 113 revealed the pres-
ence of CB1 receptor in rat brain, and it has been used as a
standard in nearly every CB receptor assay developed.

Nonclassical Cannabinoids

CB1 selective. While classical CB development has
remained a staple of compound synthesis, compounds adopt-
ing alternative scaffolds have become prominent. The lipo-

philicity of most classical cannabinoids has hampered their
development into viable drugs, so efforts to increase the polar-
ity and water solubility of new CB ligands has been an area of
major focus.

Pravadoline (WIN 48,098) was a cyclooxygenase
(COX) inhibitor developed by Bell et al. at Sterling-Winthrop
in the 1980s, but its antinociceptive activity was signifi-
cantly higher than other known COX inhibitors, despite
its lower effect on prostaglandin synthesis compared to
known nonsteroidal anti-inflammatory drugs.!®”  With
animal assay results similar to known cannabinoids, the
possibility was raised that the antinociceptive activity was
derived not from COX binding, but from CB receptor activ-
ity. Structural optimization of pravadoline yielded one
of the first nonclassical cannabinoids, WIN 55,212-2.108
Like CP-55,940, WIN 55,212-2 is a CB receptor agonist
widely used in CB receptor assays as a reference compound.
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Table 8. Miscellaneous analogs of A8-THC and A9-THC.

# cB NAME CB, CB, FUNCTIONAL  REF
K, (nM) K, (nM)
112 OH (-)-CP 47,497  21+0.56
OH
113 OH (-)CP-55,940  0.58+0.07 0.69+0.02  Full Agonist 133

Since the discovery of WIN 55,212-2, numerous other The (aminoalkyl)indole JWH-018 is nearly equipotent at
potent, nonclassical cannabinoids were synthesized; two other both CB receptors, with slight selective toward CB2.19%110 I
notable compounds in this class are depicted in Figure 9. recent years, JWH-018 has gained notoriety for its illicit use in

9.
I O CBrecept
N o _CBreceptor
S | Optimization
|
. O
O’) @]
WIN 48,098 (pravadoline) WIN 55,212-2
CB1=2511nM CB1=19nM
CB2 =n/a CB2=0.3nM
N’NO
N—
Cl
Cl
JWH-018 SR141716 (Rimonabant)
CB1=9.00 nM CB1=11.8nM
CB2=2.94 nM CB2 >1,000 nM

Figure 9. Representative nonclassical CB1 ligands. The first nonclassical CB scaffold discoveries were the n-alkyl indoles, exemplified by WIN
55,212-2 and JWH-018, both non-selective CB1 and CB2 agonists. SR141716, a member of the diarylpyrazole class, was the first CB1 inverse
agonist discovered.
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herbal blends known as “Spice.”!1112 Diarylpyrazole derivative
SR141716 was first described as a CB1 receptor antagonist, but
turther studies found it to be a CB1 inverse agonist. SR141716,
also known as rimonabant, was briefly approved and marketed
as Acomplia by Sanofi in Europe as an antiobesity treatment
from July 2006 to October 2008, when significant side effects
such as suicidal thoughts and depression forced its withdrawal
from the market.!3

CB2 selective. CB2-sclective agonists have been
explored for a number of therapeutic indications, most
commonly as analgesic and anti-inflammatory compounds
(Fig. 10). Cannabinor, formerly known as PRS-211,375, was
tested in humans for the treatment of several modes of pain; it
ultimately failed due to a lack of efficacy in a Phase IIb study
in the treatment of pain following third molar tooth extrac-
tion.'"* Cannabinor may have also suffered from modulation
of bladder activity, as animal studies have demonstrated a CB

receptor-linked effect increasing urination frequency.!1>110

GW-842,166X was also explored for the treatment of third
molar tooth extraction and osteoarthritis, but failed in Phase
IT trials due to lack of efficacy.!'”118 S-777,469 completed
Phase II trials for atopic dermatitis in 2011, but no clinical
data or future plans for clinical testing of this compound
have been released, indicating that its development may have
been halted.!19-12

After several failed clinical trials, the possibility that years
of immunostaining results were inaccurate and halted CB2
research programs, the progress of CB2-targeted therapeutics
was seemingly at an impasse. Research efforts into therapeu-
tic potential of CB2 selective agonists have recently focused
on improving selectivity by several orders of magnitude.
Although many of the conventional CB2 agonists were as
much as 500-fold selective, this may not be eftective in vivo,
causing CB1 activation at higher doses.!? While comparison
of their respective binding affinities may characterize these
compounds as highly selective, the overall expression levels
of the CB receptors in humans are not equivalent. In many
disease states, overall CB1 expression can be significantly
higher than CB2, causing activation of both receptors.!?3
High dosages used in human studies likely precipitated eftects

of CB1 and CB2 activation. Many preclinical animal models
may also not be effective in studying CB2-selective activation
because of interspecies differences in CB2 receptor expression
and signaling.1?*

Since late 2014, several landmark improvements have
been reported in the pharmacological tools used to study
the CB2 receptor. Transgenic mice expressing a CB2-GFP
reporter have allowed for highly specific and accurate stud-
ies of CB2 expression, especially in light of the specificity
problems with most anti-CB2 antibodies.!?® Many advances
have been made in the development of CB2-selective com-
pounds. New scaffolds have been employed in the syn-
thesis of compounds that display selectivity as high as
35,000-fold, significantly greater than previously reported
compounds (Fig. 11).

2015 has been a landmark year for drug discovery pro-
grams focusing on the development of selective CB ligands.
Triazolopyrimidine 114 is a CB2 agonist developed by Roche,
which displayed a 1,250-fold selectivity over CB1 and dem-
onstrated a protective effect in inflammatory kidney damage
models.!?® Benzimidazole-containing scaffolds have also been
reported, with RQ-00202730 showing over 4,000-fold selec-
tivity for CB2 and a dose-dependent analgesic effect in rats.1?’
Both of these compounds displayed favorable pharmacokinetic
parameters and were completely devoid of in vivo activity, tra-
ditionally associated with CB1 activity. Naphthyridin-2(1H)-
one 115 possesses CB2 affinity in the picomolar range, with
over 15,000-fold selectivity.?® This compound was one of
many in a series employing this scaffold that allowed for the
control of functional activity, highly dependent on substitu-
tion patterns. Pyridine analog RSR-056 and 4-oxo-quinoline
analog RS-028 are >4,000-fold and >12,500-fold selective
for CB2 over CB1, respectively, and have been used as 'C
PET tracers in rat and mouse models.?*13% Proline analogs
116 and 117, developed by Boehringer Ingelheim Pharma-
ceuticals, are two of the most selective compounds reported
to date with greater than 35,700-fold selectivity and 29,300-
fold selectivity, respectively.!3! Both of these demonstrated
a dose-dependent reversal of hyperalgesia in a rat diabetic
neuropathy model.
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Figure 10. CB2-selective agonists. PRS-211,375 and GW-842,166X were both investigated in clinical trials for the treatment of pain; both failed for lack of
efficacy and presence of adverse side effects. S-777,469 completed Phase Il trials, but no results have been reported and development has presumably halted.
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Outlook. Drug discovery programs focusing on CB
receptor-targeted therapeutics will continue expanding with
the identification and characterization of novel CB recep-
tor-selective ligands. The development of receptor-selective
modulators coupled to an understanding of their functional
pharmacological activity (agonist; inverse agonist/antago-
nist) and mode of binding (orthosteric, allosteric) will prove
critical for moving candidates to preclinical disease model
studies. Classical cannabinoids, including both natural prod-
uct and semisynthetic derivatives that have been described
in this review, have ushered the development of nonclassical
synthetic cannabinoids comprising novel scaffolds exhibiting
receptor-selective profiles. Compounds selectively modulat-
ing the CB2 receptor may have utility in the treatment of
inflammation, diabetes, cancer, pain, and other diseases.
However, CB2-selective drug candidates thus far have failed
in clinical trials due to a lack of efficacy and/or their propen-
sity to mediate CB1 effects, even while displaying several
hundred-fold selectivity profiles for CB2 over CB1.
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