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ABSTRACT: Cannabidiol (CBD), the second most abundant of the active compounds
found in the Cannabis sativa plant, is of increasing interest because it is approved for
human use and is neither euphorizing nor addictive. Here, we design and synthesize novel
compounds taking into account that CBD is both a partial agonist, when it binds to the
orthosteric site, and a negative allosteric modulator, when it binds to the allosteric site of
the cannabinoid CB2 receptor. Molecular dynamic simulations and site-directed
mutagenesis studies have identified the allosteric site near the receptor entrance. This
knowledge has permitted to perform structure-guided design of negative and positive
allosteric modulators of the CB2 receptor with potential therapeutic utility.

■ INTRODUCTION
Cannabidiol (CBD) is the second most abundant of the active
compounds found in the Cannabis sativa plant (more
commonly known as marijuana) (Figure 1). However, in

contrast to (−)-trans-Δ9-tetrahydrocannabinol (THC), the
principal psychoactive constituent of Cannabis, CBD is
noneuphorizing and nonaddictive. In humans, CBD exhibits
a favorable safety profile.1 Although the exact medical
implications are currently being investigated, CBD is
generating considerable interest due to its beneficial neuro-
protective, antiepileptic, anxiolytic, antipsychotic, and anti-
inflammatory properties.2 Sativex, a 1:1 formulation of CBD
and THC, is a cannabinoid medicine approved for the
treatment of spasticity due to multiple sclerosis.3 In addition,
an oral solution of CBD (Epidiolex) is the first and only US
Food and Drug Administration-approved prescription that is
used to treat refractory epilepsy due to Lennox−Gastaut or
Dravet syndrome.4,5 Thus, there is a growing pressure to

legalize the use of Cannabis products for medical purposes.6 As
a consequence, the CBD scaffold is of increasing interest for
medicinal chemists due to its potential therapeutic utility.7

The actions of CBD were first assumed to be mediated
through two members of the G-protein-coupled receptor
(GPCR) family, the cannabinoid CB1 (CB1R) and CB2
(CB2R) receptors. However, there is evidence that CBD also
modulates other molecular targets.8 These include serotonin,
adenosine, opioid, and orphan GPCRs plus non-GPCR
proteins.9 Within the endocannabinoid-related receptors, the
pharmacology of CBD shows significant divergences as some
authors support high potency as an antagonist of CB1R and
CB2R

10 and others support a very low affinity as a CB1R
agonist.11 On the other hand, recent results show that CBD
may act as a negative allosteric modulator (NAM) of both
CB1R

12 and CB2R.
13 In the case of CB2R, CBD would act at

micromolar concentration as an agonist14 and at nanomolar
concentration as a NAM.15

Here, we have used the recently released structure of CB2R
in its inactive16 and active,17,18 Gi-bound, conformations to
identify the binding mode of CBD in the allosteric binding site
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Figure 1. Structures of CBD, (−)-trans-THC, and JWH-133.
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by molecular dynamic (MD) simulations and site-directed
mutagenesis studies. This knowledge has permitted to perform
structure-guided design of NAMs and positive allosteric
modulators (PAMs) of CB2R. The designed compounds are
relevant because the combination of orthosteric agonists with
PAMs could represent a therapeutic approach for neuro-
degenerative disorders and neuropathic pain.19 Until now, the
only reported allosteric modulators of CB2R, in addition to
CBD,15 are PAMs: the endogenous 12-residue peptide pepcan-
1220 and a synthetic small molecule.21

■ RESULTS AND DISCUSSION

CBD Is Both a Partial Agonist and a Negative
Allosteric Modulator. We have first compared the agonist-

induced signaling response of CBD with JWH-133, a potent
and selective CB2R agonist, in cAMP production, phosphor-
ylation of signal-regulated kinases (pERK1/2), and label-free
dynamic mass redistribution (DMR) assays that enable real-
time detection of integrated cellular responses in living cells22

(Figure 2A and Table 1). These correspond to different steps
of the signaling pathways. Cells stimulated with forskolin and
treated with JWH-133 or CBD showed reduced cAMP
production, as expected for Gi-coupled receptors. For the
ERK1/2 pathway, both JWH-133 and CBD increased ERK1/2
phosphorylation. Finally, DMR assays also showed an increase
of response by JWH-133 and CBD action. Thus, CBD is,
relative to JWH-133, a partial agonist in all these assays
because the decrease of cAMP or increase of ERK1/2

Figure 2. Dose−response curves on forskolin-induced cAMP levels (top), on ERK1/2 phosphorylation (middle), and on DMR (bottom), upon the
treatment of CB2R-expressing HEK-293T cells [wild-type CB2R (A) and Val1133.32Met (B), Val361.35Met (C), Ala2827.36Met (D), or
Ser2857.39Leu (E) mutants]. Ligands used were CBD (black line), JWH-133 (green), and JWH-133 + CBD (red) ligands. Data for cAMP (n = 9,
each in triplicates) are given in percentage (100% represents the forskolin effect), for ERK1/2 phosphorylation (n = 7, each in triplicates) are
expressed as percentage with respect to basal levels, and for DMR tracings are representing the picometer (pm) shifts of reflected light wavelengths
over time upon ligand treatment.

Table 1. Functional Properties of JWH-133, CBD, and JWH-133 + CBD at Wild-Type and Mutant CB2R

cAMP assays pERK1/2 assays DMR assays

receptor ligand pEC50
a Emax

b pEC50
a Emax

c pEC50
a Emax

d

wild type CBD 7.3 ± 0.2 74.0 ± 3.0 7.9 ± 0.2 155.8 ± 4.5 6.3 ± 0.1 49.1 ± 2.4
JWH-133 7.5 ± 0.1 46.0 ± 3.5 8.1 ± 0.2 322.2 ± 14.6 6.2 ± 0.1 182.9 ± 8.1
JWH-133 + CBD 7.3 ± 0.2 57.8 ± 4.1 8.1 ± 0.2 250.3 ± 8.1 6.2 ± 0.1 117.0 ± 5.9

V1133.32M CBD 7.4 ± 0.3 89.1 ± 1.9 7.9 ± 0.2 186.1 ± 7.4 6.2 ± 1.1 5.3 ± 2.1
JWH-133 7.7 ± 0.1 72.5 ± 1.7 7.7 ± 0.2 275.8 ± 15.3 6.3 ± 0.1 79.9 ± 3.2
JWH-133 + CBD 7.6 ± 0.2 77.8 ± 2.2 7.4 ± 0.1 216.5 ± 5.2 6.4 ± 0.2 71.9 ± 6.2

V361.35M JWH-133 7.9 ± 0.1 56.7 ± 1.7 7.5 ± 0.2 363.3 ± 25.5 6.1 ± 0.1 193.2 ± 13.3
JWH-133 + CBD 7.8 ± 0.2 53.0 ± 3.4 7.4 ± 0.2 352.7 ± 18.8 6.2 ± 0.1 199.6 ± 13.8

A2827.36M JWH-133 7.9 ± 0.2 45.4 ± 4.2 7.7 ± 0.1 375.7 ± 6.7 6.2 ± 0.1 198.8 ± 12.3
JWH-133 + CBD 8.1 ± 0.2 48.8 ± 3.3 7.9 ± 0.5 325.2 ± 40.9 6.2 ± 0.1 188.6 ± 10.7

S2857.39L JWH-133 7.4 ± 0.2 49.3 ± 3.8 7.4 ± 0.3 373.5 ± 31.5 6.1 ± 0.1 222.6 ± 14.0
JWH-133 + CBD 7.4 ± 0.2 57.4 ± 4.7 7.5 ± 0.1 291.1 ± 8.1 6.1 ± 0.1 164.9 ± 11.0

apEC50 (nM). bEmax (%), the maximum decrease of forskolin-stimulated cAMP levels (normalized to 100%). cEmax (%), the maximum increase of
ERK1/2 phosphorylation expressed as a percentage of basal (normalized to 100%). dEmax, the maximum increase of picometer shifts of reflected
light wavelengths expressed as a value above basal.
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phosphorylation or increase of DMR response is of less
magnitude. Figure S1 shows proposed computer models of
JWH-133 and CBD bound to the orthosteric binding site of
CB2R, superimposed to the crystal structure of CB2R in
complex with the structurally similar AM12033 ligand.18 CBD
and JWH-133 are similar in structure, so they both might elicit
their agonist action by binding at the orthosteric binding site of
CB2R in a similar manner. In order to validate this hypothesis,
we mutated the side chain of Val1133.32, which is centrally
located in the orthosteric cavity (Figure S1), to the much
larger Met side chain (Figure 2B and Table 1). As expected,
the Val1133.32Met mutation impairs the signaling of both CBD
and JWH-133, indicating the binding at the orthosteric site.
Figure 2A and Table 1 also show the effect of CBD on the

signaling responses of JWH-133 (JWH-133 + CBD). Clearly,
CBD blocks the decrease of forskolin-induced cAMP triggered
by JWH-133. Similar effects are observed in the other signaling
pathways in which CBD blocks the increase of pERK1/2 and
DMR responses. Thus, CBD is, in all these assays, a NAM that
decreases the efficacy of the orthosteric JWH-133 agonist.
CBD Also Binds in an Allosteric Cavity near the

Receptor Entrance. It was proposed that ligands binding a
small cavity at the entrance of the orthosteric binding site
could act as allosteric modulators,23 as shown in the crystal
structure of the muscarinic M2 receptor simultaneously bound
to an orthosteric agonist and a PAM.24 However, in
cannabinoid receptors, and in other GPCRs for lipid
mediators, the extracellular N-terminus and ECL2 fold over
the ligand-binding pocket blocking the access to the
orthosteric binding cavity from the extracellular environ-
ment.25 Previous ligand-binding pathway simulations have
shown that binding of lipid-like ligands to a lipid-specific
GPCR is through a narrow channel between transmembrane
helices (TMs) 1 and 7 that opens toward the lipid bilayer.26

We have recently used this channel to design bitopic ligands of
CB2R.

27 Furthermore, superimposition of the computer model
of CB2R in complex with JWH-133 to the crystal structure of
CB1R in complex with the antagonist AM6538 shows that
AM6538 occupies, in addition to the orthosteric binding site, a
“side pocket”28 that is adjacent to JWH-133 near TMs 1 and 7
(Figure S2). Thus, we proposed that CBD, acting as a NAM,
binds in an allosteric binding site located at the entrance of the
receptor near TMs 1 and 7. Multiple binding sites have been
described for CB1R.

29

In order to better delineate this allosteric binding site, we
performed unbiased 1 μs MD simulations of JWH-133 bound
to the CB2R−Gi complex (Figure S3). Allosteric binding site
exploration, conducted on structure snapshots extracted from
this simulation, together with molecular docking of CBD into
these identified cavities (Figure S4) has permitted to propose
the binding mode of CBD into an allosteric binding site close
to TMs 1 and 7 (Figure 3). In this computational model, the
propenyl-methylcyclohexene moiety of CBD points toward the
entrance channel between TMs 1 and 7 and the pentyl chain
points toward the intracellular side. In detail, the propane
substituent is located between Val361.35 and Ala2827.36. With
the aim of experimentally verifying this model, we mutated the
side chains of Val361.35 (Figure 2C) and Ala2827.36 (Figure
2D) to the much larger Met side chain. As expected, these
mutations completely impair the NAM effect of CBD on the
JWH-133 agonist (Table 1) by occupying the volume of the
proposed allosteric binding site. Moreover, we also mutated
Ser2857.39 to Leu to verify the potential hydrogen bond

between Ser and one of the hydroxyl substituents of the meta-
benzenediol moiety. This mutation only partly impairs the
NAM effect of CBD (Figure 2E and Table 1).
The pentyl chain of CBD expands toward an intracellular

hydrophobic cavity formed by Phe872.57, Cys2887.42,
Leu2897.43, and, importantly, Phe1173.36 (Figure 3). Phe3.36

and Trp6.48 have been described as conformational toggle or
trigger switches involved in the initial agonist-induced receptor
activation in CB1R

34,35 and other GPCRs.36−39 Thus, the
pentyl chain of CBD in its allosteric binding mode might
modulate receptor activation.

Chain Length Determines the NAM or PAM Character
of the Allosteric Modulator. Our simulations suggest that
the ability of CBD to block the active state of CB2R (NAM
activity) is due to the insertion of the pentyl chain inside the
hydrophobic pocket between TMs 2, 3, and 7. We have tested
this hypothesis by measuring the activation of CB2R using
CBD analogues of different chain lengths. We have synthesized
CBD (1a) and CBD analogues 1b−e with decreasing (n = 1, 2,
and 3) and increasing (n = 5) numbers of methylene units in
the hydrophobic chain with respect to CBD (n = 4) while
keeping the rest of the molecule identical (Scheme 1).
CBD and analogues have been synthesized by several

methods, among which the Lewis acid-catalyzed Friedel−
Crafts reaction of cyclic allylic alcohols with resorcinol
derivatives has given satisfactory results.40 However, the
main drawback of this arylation reaction is the formation of
side regioisomers, coming from the attack of the resorcinol at
the 4/6 positions that decrease the yield and make the product
isolation difficult.41 Here, we have followed a practical
approach that avoids the formation of the side regioisomers
by using protected 4,6-dihalo resorcinols in the coupling
reaction.41 The compounds were prepared as depicted in
Scheme 1.
The functional properties of compounds 1a−1e were

evaluated through cAMP assays using HEK293 cells stably
expressing CB2R and treating with forskolin to activate adenyl
cyclase (Figure 4 and Table 2). Remarkably, the ethyl or

Figure 3. Detailed view of the docking model (Figure S4) of CBD
(magenta sticks) into an allosteric binding site and JWH-133
(transparent orange sticks) into the orthosteric binding site of
CB2R (green ribbons). The stability of this model was evaluated by
MD simulation (Figure S5). The Val361.35, Ala2827.36, and Ser2857.39

residues mutated to verify the proposed binding mode of CBD are
shown in green spheres. Phe1173.36 and Trp2586.48, which have been
described as conformational toggle or trigger switches involved in the
initial agonist-induced receptor activation, are highlighted with red
transparent surfaces.
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propyl chains make compounds 1b and 1c (n = 1 and 2)
PAMs, as they facilitate the decrease of forskolin-induced
cAMP triggered by JWH-133 (Emax 45.3 or 48.0 vs 56.0).
Compound 1c is more potent than 1b, as the propyl chain of
1c left-shifts the dose−response curve (0.4 log units) relative
to the ethyl chain of 1b. The butyl chain makes compound 1d
(n = 3) a NAM, which is very similar in properties to CBD (n
= 4). In agreement with our hypothesis, the extension of the
number of methylene units makes the hexyl chain of
compound 1e (n = 5) a more efficacious NAM (Emax 83.5),

relative to CBD (Emax 67.8). The influence of ligand chain
length in the activation of lipid GPCRs has been described.42

PAM 1c (n = 2) and NAM 1e (n = 5) were modeled in the
CB2R−Gi complex and performed unbiased MD simulations to
explore the influence of the chain length in the conformational
toggle or trigger switches (Figure 5). The shorter chain of

Scheme 1. Synthesis of CBD (1a, n = 4) and CBD Analogues 1b−e with Decreasing (1b−1d, n = 1−3) and Increasing (1e, n =
5) Numbers of Methylene Unitsa

aThe synthesis began by the Wittig reaction of the ylide of 3a−e with commercially available 3,5-dimethoxybenzaldehyde, 2, to deliver olefins 4a−e
as mixtures of Z and E isomers, which were conveniently reduced with hydrogen under pressure to the C-5 alkyl resorcinol derivatives 5a−e.30
Regioselective electrophilic aromatic bromination of 5a−e using 2.3 equiv of N-bromosuccinimide (NBS) in DCM at rt produced exclusively the
4,6-dibrominated products 6a−e in good yields.31 Then, the methyl ether-protecting groups were removed with boron tribromide to generate the
key resorcinol intermediates 7a−e which were submitted to the coupling reaction with (1S,4R)-4-isopropenyl-1-methyl-2-cyclohexen-1-ol, 8, under
a Lewis acid catalyst.32 For this purpose, different acids were screened (p-TsOH, BF3·OEt2, and AlCl3) and among these, p-TsOH was found to be
the best catalyst. Thus, Friedel−Craft alkylation of resorcinols 7a−e with 8 under p-TsOH catalysis in DCM furnished adducts 9a−e as single
diastereomers. Finally, reductive didehalogenation using sodium sulfite33 in the presence of Et3N in a mixture of MeOH and H2O at 75 °C
delivered the targeted cannabinoids 1a−e. The optical rotation of the prepared CBD was consistent with the literature [[α]D22 = −121.4 (c 1.00,
EtOH)32 and [α]D20 = −122.0 (c 1.10, EtOH]. Complete experimental details and analytical data for the synthetized compounds are included in
the Experimental Section.

Figure 4. Decrease of forskolin-induced cAMP (normalized to 100%),
in HEK-293T cells, upon the stimulation of wild-type CB2R with the
orthosteric JWH-133 agonist (green line) and in conjunction with
CBD analogues with decreasing (1b−1d, n = 1−3) and increasing
(1e, n = 5) numbers of methylene units in the hydrophobic chain with
respect to CBD (1a, n = 4). Compounds with chains of n = 1−2 are
PAMs (blue lines) and with n = 3−5 are NAMs (red lines).

Table 2. Modulation of the Agonist Signal of JWH-133 by
Designed Allosteric Modulators 1a−1e

orthosteric
site

allosteric
site pEC50

a Emax
b

max. effect
(% of JWH-133)c

JWH-133 none 7.6 ± 0.1 56.0 ± 1.3 100%
JWH-133 1b

(n = 1)
7.5 ± 0.2 45.3 ± 1.5 124% PAM

JWH-133 1c
(n = 2)

7.9 ± 0.2 48.0 ± 1.8 118% PAM

JWH-133 1d
(n = 3)

6.7 ± 0.2 64.1 ± 3.2 82% NAM

JWH-133 1a
(n = 4)

6.6 ± 0.2 67.8 ± 3.3 73% NAM

JWH-133 1e
(n = 5)

6.9 ± 0.2 83.5 ± 2.3 38% NAM

apEC50 (nM). bEmax (%), the maximum inhibition of forskolin-
stimulated cAMP levels (normalized to 100%). These values were
calculated using nonlinear regression analysis. Data are expressed as
the mean ± SEM of at least three independent experiments performed
in triplicates. cThe efficiency (in %) of 1a−1e together with JWH-133
in decreasing cAMP relative to JWH-133 (100%).
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PAM 1c does not interact with Phe1173.36, Cys2887.42, or
Leu2897.43, whereas the longer chain of NAM 1e does. The
interaction of the long hexyl chain of NAM 1e with Phe1173.36

favors its inactive trans conformation, in contrast to the active
gauche+ conformation favored by JWH-133 and PAM 1c
(Figure S6).

■ CONCLUSIONS
It has been suggested that cannabinoid ligands could fill the
therapeutic gap between opioids and nonsteroidal anti-
inflammatories in multiple moderate pain conditions, but
these compounds can have significant undesirable side effects.
This limitation can be avoided by designing ligands that act on
CB2R, instead of CB1R, due to their lack of adverse
psychotropic effects44 and designing PAMs that increase the
response of the orthosteric endogenous agonist to limit adverse
effects.19 Accordingly, we have designed and synthesized in
this article PAMs of CB2R using the natural product CBD as a
scaffold that might be useful for the treatment of pain without
producing tolerance or dependence.45,46

■ EXPERIMENTAL SECTION
Synthetic Procedures and Compound Characterization.

Commercially available reagents were used as received. Solvents
were dried by distillation over the appropriate drying agents. All

reactions were monitored by analytical thin-layer chromatography
(TLC) using silica gel 60-precoated aluminum plates (0.20 mm
thickness). Flash column chromatography was performed using silica
gel Geduran SI 60 (40−63 μm). 1H NMR and 13C NMR spectra were
recorded at 250, 360, and 400 MHz and 90 and 100 MHz,
respectively. Proton chemical shifts are reported in parts per million
(δ) (CDCl3, δ 7.26 or CD3OD, δ 3.31). Carbon chemical shifts are
reported in parts per million (δ) (CDCl3, δ 77.16 or CD3OD, δ
49.00). NMR signals were assigned with the help of heteronuclear
single-quantum coherence. Infrared peaks are reported in cm−1. The
purity of all final compounds was ≥95% as determined by quantitative
one-dimensional (1D) 1H NMR (qHNMR) experiments using
dimethylsulfone (DMSO2, 99.8% pure) as the internal calibrant.
Melting points were determined on a hot stage and are uncorrected.
High-resolution mass spectra were recorded using electrospray
ionization (ESI). Optical rotations were measured at 20 ± 3 °C.

(Z)- and (E)-1,3-Dimethoxy-5-(pent-1-en-1-yl)benzene (4a).
To a suspension of butyltriphenylphosphonium bromide (7.38 g,
18.17 mmol) in anhydrous tetrahydrofuran (THF) (40 mL), n-BuLi
(2.5 M in THF, 7.4 mL, 18.50 mmol) was added dropwise at 0 °C.
After continuous stirring for 20 min, a solution of 3,5-dimethox-
ybenzaldehyde, 2, (2.05 g, 12.32 mmol) in dry THF (60 mL) was
slowly added dropwise. Then, the reaction mixture was stirred at
room temperature (rt) until the complete consumption of the starting
material, TLC (hexanes/EtOAc, 9:1). The reaction was quenched by
the slow addition of water (50 mL) and extracted with EtOAc (3 × 40
mL). The combined organic layers were dried over anhydrous
Na2SO4, concentrated, and purified by column chromatography
(hexanes/EtOAc, 9:1) to give a 1.3:1 mixture of (Z)- and (E)-olefins
4a (1.88 g, 9.11 mmol, 74% yield) as a colorless oil. (E)-4a47 1H
NMR (360 MHz, CDCl3): δ 6.54 (d, J4,2 = J6,2 = 2.2 Hz, 2H, H-4, H-
6), 6.40−6.20 (m, 3H, H-2, H-1′, H-2′), 3.82 (s, 6H, 3-OCH3/5-
OCH3), 2.21 (q, J3′,2′/4′ = 7.2 Hz, 2H, H-3′), 1.55−1.45 (m, 2H, H-
4′), and 0.99−0.94 (m, 3H, H-5′); 13C NMR (90 MHz, CDCl3): δ
161.0 (C1, C3), 140.1 (C5), 131.7 (C2′), 129.9 (C1′), 104.1 (C4, C6),
99.2 (C2), 55.4 (2×-OCH3), 35.2 (C3′), 22.6 (C4′), and 13.9 (C5′).
(Z)-4a: 1H NMR (360 MHz, CDCl3): δ 6.47 (d, J4,2 = J6,2 = 2.2 Hz,
2H, H-4, H-6), 6.40−6.35 (m, 2H, H-2, H-1′), 5.69 (dt, J2′,1′ = 11.7
Hz, J2′,3′ = 7.2 Hz, 1H, H-2′), 2.34 (q, J3′,2′/4′ = 7.3 Hz, 2H, H-3′),
1.50 (q, J4′,2′/3′ = 7.3 Hz, 2H, H-4′), and 0.96 (q, J5′,4′ = 7.3 Hz, 2H,
H-5′); 13C NMR (90 MHz, CDCl3): δ 160.6 (C1, C3), 139.8 (C5),
133.7 (C2′), 128.9 (C1′), 107.0 (C4, C6), 98.8 (C2), 55.4 (2×-OCH3),
30.9 (C3′), 23.3 (C4′), and 14.0 (C5′).

1,3-Dimethoxy-5-vinylbenzene (4b). The synthesis of 4b48 was
performed as described for 4a by using methyltriphenylphosphonium
bromide (6.51 g, 18.20 mmol) in dry THF (35 mL), n-BuLi (2.5 M in
THF, 7.4 mL, 18.38 mmol), and 2 (2.01 g, 12.08 mmol) in dry THF
(60 mL). Yield 4b: 88% (1.74 g, 10.61 mmol) as a colorless oil: 1H
NMR (360 MHz, CHCl3): δ 6.66 (dd, Jtrans = 17.5 Hz, Jcis = 10.9 Hz,
1H, H-1′), 6.57 (d, J4,2 = J6,2 = 2.4 Hz, 2H, H-4, H-6), 6.39 (t, J2,4 =
J2,6 = 2.4 Hz, 1H, H-2), 5.73 (dd, Jtrans = 17.5 Hz, Jgem = 0.9 Hz, 1H,
H-2′a), 5.25 (dd, Jcis = 10.9 Hz, Jgem = 0.9 Hz, 1H, H-2′b), and 3.81
(s, 6H, 1-OCH3/3-OCH3);

13C NMR (90 MHz, CDCl3): δ 161.0
(C1, C3), 139.7 (C5), 136.9 (C1′), 114.5 (C2′), 104.4 (C4, C6), 100.1
(C2), and 55.4 (2×-OCH3).

(Z)- and (E)-1,3-Dimethoxy-5-(prop-1-en-1-yl)benzene (4c).
A mixture of olefins (Z)- and (E)-4c was prepared as described for 4a
by using ethyltriphenylphosphonium bromide (6.70 g, 18.53 mmol)
in dry THF (30 mL), n-BuLi (2.5 M in THF, 7.2 mL, 18.05 mmol),
and 2 (2.07 g, 12.47 mmol) in dry THF (60 mL). Yield 4c (Z/E,
1:1.2): 99% (2.20 g, 12.34 mmol) as a colorless oil. (E)-4c:48 1H
NMR (360 MHz, CD3OD): δ 6.48 (m, 2H, H-4, H-6), 6.37−6.20 (m,
3H, H-2, H-1′, H-2′), 3.76 (s, 6H, 1-OCH3/3-OCH3), and 1.88−1.84
(m, 3H, H-3′); 13C NMR (90 MHz, CD3OD): δ 162.4 (C1, C3),
141.3 (C5), 132.4 (C1′), 126.4 (C2′), 104.9 (C4, C6), 99.9 (C2), 55.6
(2×-OCH3), and 18.5 (C3′). (Z)-4c:

1H NMR (360 MHz, CD3OD):
δ 6.42 (m, 2H, H-4, H-6), 6.37−6.20 (m, 2H, H-2, H-1′), 5.75 (m,
1H, H-2′), 3.75 (s, 6H, 1-OCH3/3-OCH3), and 1.88−1.84 (m, 3H,
H-3′); 13C NMR (90 MHz, CD3OD): δ 162.0 (C1, C3), 140.7 (C5),

Figure 5. (A,B) MD simulation snapshots (10 structures collected
every 100 ns) of CB2R−Gi (only the initial structure is shown for
clarity) in complex with the JWH-133 agonist (yellow surface) bound
to the orthosteric site and PAM 1c [cyan sticks, (A)] or NAM 1e
[salmon sticks, (B)] bound to the allosteric site. Conformational
toggle/trigger switches are shown in pink spheres (Phe1173.36 and
W2586.48). Calculated frequency contacts (%) between side-chain
residues of CB2R (blue sticks) involved in stable interactions with
PAM 1c or NAM 1e during MD simulations are displayed in squares,
color-coded according to the shown scale. Contact frequency analysis
was conducted with the GetContacts software package.43
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131.1 (C1′), 127.7 (C2′), 107.9 (C4, C6), 99.6 (C2), 55.7 (2×-OCH3),
and 14.9 (C3′).
(Z)- and (E)-1-(But-1-en-1-yl)-3,5-dimethoxybenzene (4d).

The synthesis of a mixture of olefins (Z)- and (E)-4d was performed
as described for 4a by using propyltriphenylphosphonium bromide
(7.10 g, 18.42 mmol) in dry THF (40 mL), n-BuLi (2.5 M in THF,
7.2 mL, 18.05 mmol), and 2 (2.03 g, 12.19 mmol) in dry THF (60
mL). Yield 4d (Z/E, 1:1.5): 88% (2.05 g, 10.66 mmol) as a colorless
oil: HRMS (ESI+) calcd for [C24H16O2 + H]+ ([M + H]+), 193.1229;
found, 193.1220. IR (ATR): 2960, 1591, 1457, 1204, 1152, 1065, and
826 cm−1. (E)-4d: 1H NMR (360 MHz, CDCl3): δ 6.52 (d, J2,4 = J6,4
= 2.3 Hz, 2H, H-2, H-6), 6.34 (d, J4,2 = J4,2 = 2.3 Hz, 1H, H-4), 6.37−
6.22 (m, 2H, H-1′, H-2′), 3.80 (s, 6H, 3-OCH3/5-OCH3), 2.22 (m,
2H, H-3′), and 1.12−1.05 (m, 3H, H-4′); 13C NMR (90 MHz,
CDCl3): δ 161.0 (C3, C5), 140.1 (C1), 133.3 (C1′/C2′), 128.9 (C1′/
C2′), 104.1 (C2, C6), 99.2 (C4), 55.4 (2×-OCH3), 26.1 (C3′), and 13.7
(C4′). (Z)-4d:

1H NMR (360 MHz, CDCl3): δ 6.44 (d, J2,4 = J6,4 = 2.2
Hz, 2H, H-2, H-6), 6.37−6.22 (m, 2H, H-4, H-1′), 5.65 (m, 1H, H-
2′), 3.80 (s, 6H, 3-OCH3/5-OCH3), 2.36 (m, 2H, H-3′), and 1.12−
1.05 (m, 3H, H-4′); 13C NMR (90 MHz, CDCl3): δ 160.6 (C3, C5),
139.8 (C1), 135.4 (C2′), 128.3 (C1′), 106.9 (C2, C6), 98.8 (C4), 55.4
(2×-OCH3), 22.3 (C3′), and 14.6 (C4′).
(Z)- and (E)-1-(Hex-1-en-1-yl)-3,5-dimethoxybenzene (4e). A

mixture of olefins (Z)- and (E)-4e was prepared as described for 4a by
using pentyltriphenylphosphonium bromide (6.15 g, 14.89 mmol) in
dry THF (25 mL), n-BuLi (2.5 M in THF, 6.0 mL, 14.89 mmol), and
2 (1.65 g, 9.93 mmol) in dry THF (85 mL). Yield 4e (Z/E, 1.2:1):
quant. (2.19 g, 9.93 mmol) as a colorless oil: HRMS (ESI+) calcd for
[C14H20O2 + H]+ ([M + H]+), 221.1542; found, 221.1535. IR
(ATR): 2957, 1591, 1458, 1205, 1154, and 1067 cm−1. (E)-4e: 1H
NMR (360 MHz, CDCl3): δ 6.52 (m, 2H, H-2, H-6), 6.37−6.19 (m,
3H, H-4, H-1′, H-2′), 3.80 (s, 6H, 3-OCH3/5-OCH3), 2.22 (m, 2H,
H-3′), 1.49−1.36 (m, 4H, H-4′, H-5′), and 0.96−0.89 (m, 3H, H-6′);
13C NMR (90 MHz, CDCl3): δ 160.6 (C3, C5), 139.8 (C1), 131.9
(C1′/C2′), 129.7 (C1′/C2′), 104.0 (C2, C6), 99.2 (C4), 55.4 (2×-
OCH3), 32.8 (C3′), 31.6 (C4′), 22.4 (C5′), and 14.1 (C6′). (Z)-4e:

1H
NMR (360 MHz, CDCl3): δ 6.46 (m, 2H, H-2, H-6), 6.37−6.19 (m,
2H, H-2, H-1′), 5.67 (m, 1H, H-2′), 3.80 (s, 6H, 3-OCH3/5-OCH3),
2.36 (m, 2H, H-3′), 1.49−1.36 (m, 4H, H-4′, H-5′), and 0.96−0.89
(m, 3H, H-6′); 13C NMR (90 MHz, CDCl3): δ 160.9 (C3, C5), 140.1
(C1), 133.8 (C1′/C2′), 128.8 (C1′/C2′), 106.9 (C2, C6), 98.7 (C4),
55.4 (2×-OCH3), 32.3 (C3′), 28.6 (C4′), 22.6 (C5′), and 14.1 (C6′).
1,3-Dimethoxy-5-pentylbenzene (5a). A stirred solution of 4a

(82 mg, 398 μmol) and two drops of acetic acid in MeOH (3 mL)
were hydrogenated over Pd/C (10% in wt of Pd, 11 mg, 10 μmol)
under 1 atm of H2 for 24 h. Then, the catalyst was removed by
filtration over Celite and the solvent was evaporated under reduced
pressure to deliver compound 5a49 (82 mg, 389 μmol, 98% yield) as a
yellow oil: 1H NMR (360 MHz, CDCl3): δ 6.37 (m, 2H, H-4, H-6),
6.37 (m, 1H, H-2), 3.80 (s, 6H, 1-OCH3/3-OCH3), 2.56 (t, J1′,2′ = 7.6
Hz, 2H, H-1′), 1.62 (quint, J2′,1′/3′ = 7.6 Hz, 2H, H-2′), 1.38−1.28
(m, 4H, H-3′, H-4′), and 0.91 (m, 3H, H-5′); 13C NMR (90 MHz,
CDCl3): δ 160.7 (C1, C3), 145.5 (C5), 105.4 (C4, C6), 97.6 (C2), 55.3
(3-OCH3/5-OCH3), 36.4 (C1′), 31.7 (C3′), 31.1 (C2′), 22.7 (C4′),
and 14.2 (C5′).
1,3-Dimethoxy-5-ethylbenzene (5b). Compound 5b49 was

prepared as described for 5a by using a solution of 4b (1.67 g,
10.19 mmol) and two drops of acetic acid in MeOH (60 mL) and
Pd/C (10% in wt of Pd, 168 mg, 160 μmol). Yield 5b: 70% (1.17 g,
7.01 mmol) as a brown oil: 1H NMR (360 MHz, CDCl3): δ 6.38 (d,
J4,2 = J6,2 = 2.1 Hz, 2H, H-4, H-6), 6.31 (t, J2,4 = J2,6 = 2.1 Hz 1H, H-
2), 3.79 (s, 6H, 1-OCH3/3-OCH3), 2.60 (q, J1′,2′ = 7.6 Hz, 2H, H-1′),
and 1.23 (t, J2′,1′ = 7.6 Hz, 3H, H-2′); 13C NMR (90 MHz, CDCl3): δ
160.9 (C1, C5), 146.9 (C5), 106.0 (C4, C6), 97.6 (C2), 55.4 (2×-
OCH3), 29.3 (C1′), and 15.6 (C2′).
1,3-Dimethoxy-5-propylbenzene (5c). Compound 5c49 was

prepared as described for 5a by using a solution of 4c (2.03 g, 11.38
mmol) and two drops of acetic acid in MeOH (70 mL) and Pd/C
(10% in wt of Pd, 215 mg, 200 μmol). Yield 5c: 93% (1.91 g, 10.60
mmol) as a pale yellow oil: 1H NMR (360 MHz, CDCl3): δ 6.36 (d,

J4,2 = J6,2 = 2.2 Hz, 2H, H-4, H-6), 6.31 (m, 1H, H-2), 3.79 (s, 6H, 1-
OCH3/3-OCH3), 2.54 (t, J1′,2′ = 7.5 Hz, 2H, H-1′), 1.64 (quint,
J2′,1′/3′ = 7.5 Hz, 2H, H-2′), and0.95 (t, J3′,2′ = 7.5 Hz, 3H, H-3′); 13C
NMR (90 MHz, CDCl3): δ 160.7 (C1, C3), 145.3 (C5), 106.9 (C4,
C6), 97.7 (C2), 55.3 (2×-OCH3), 38.5 (C1′), 24.5 (C2′), and 14.0
(C3′).

5-Butyl-1,3-dimethoxybenzene (5d). Compound 5d49 was
prepared as described for 5a by using a solution of 4d (2.05 g,
10.66 mmol) and two drops of acetic acid in MeOH (60 mL) and
Pd/C (10% in wt of Pd, 212 mg, 200 μmol). Yield 5d: 98% (2.03 g,
10.44 mmol) as a yellow oil: 1H NMR (360 MHz, CDCl3): δ 6.35 (m,
2H, H-4, H-6), 6.30 (m, 1H, H-2), 3.78 (s, 6H, 1-OCH3/3-OCH3),
2.56 (t, J1′,2′ = 7.6 Hz, 2H, H-1′), 1.59 (quint, J2′,1′/3′ = 7.6 Hz, 2H, H-
2′), 1.36 (sext, J3′,2′/4′ = 7.5 Hz, 2H, H-3′), and 0.93 (t, J4′,3′ = 7.4 Hz,
3H, H-4′); 13C NMR (90 MHz, CDCl3): δ 160.8 (C1, C3), 145.5
(C5), 106.6 (C4, C6), 97.6 (C2), 55.3 (2×-OCH3), 36.1 (C1′), 33.6
(C2′), 22.5 (C3′), and 14.1 (C4′).

5-Hexyl-1,3-dimethoxybenzene (5e). Compound 5e was
prepared as described for 5a by using a solution of 4e (2.00 g, 9.08
mmol) and two drops of acetic acid in MeOH (70 mL) and Pd/C
(10% in wt of Pd, 200 mg, 187 μmol). Yield 5e: 95% (1.97 g, 9.07
mmol) as a yellow oil: 1H NMR (360 MHz, CDCl3): δ 6.35 (m, 2H,
H-4, H-6), 6.30 (s, 1H, H-2), 3.78 (s, 6H, 1-OCH3/3-OCH3), 2.54 (t,
J1′,2′ = 7.8 Hz, 2H, H-1′), 1.61 (m, 2H, H-2′), 1.33 (m, 6H, H-3′, H-
4′, H-5′), and 0.88 (m, 3H, H-6′); 13C NMR (90 MHz, CDCl3): δ
160.8 (C1, C3), 145.6 (C5), 106.6 (C4, C6), 97.6 (C5), 55.4 (2×-
OCH3), 36.5 (C1′), 31.9 (C4′), 31.4 (C2′), 29.2 (C3′), 22.8 (C5′), and
14.3 (C6′); IR (ATR): 2930, 2856, 1598, 1464, 1210, and 1153 cm−1.
HRMS (ESI+) calcd for [C14H22O2 + H]+ ([M + H]+), 223.1698;
found, 223.1693.

2,4-Dibromo-1,5-dimethoxy-3-pentylbenzene (6a). To a
solution of 5a (515 mg, 2.47 mmol) in CH2Cl2 (10 mL), NBS
(525 mg, 2.95 mmol) was added, and the reaction mixture was stirred
at rt for 1 h. Then, another portion of NBS (499 mg, 2.81 mmol) and
CH2Cl2 (5 mL) was added and the mixture was stirred for 1 h. After
this time, a third portion of NBS (276 mg, 1.55 mmol) and CH2Cl2
(3 mL) was added and the mixture was stirred overnight. The
reaction was quenched by the slow addition of water (5 mL), and the
organic layer was washed with water (5 × 15 mL), dried over
anhydrous Na2SO4, and concentrated under vacuum. The resulting
solid was purified by flash column chromatography (hexanes/EtOAc,
9:1) to furnish 6a as a white solid (806 mg, 2.20 mmol, 92% yield):
mp 70−71 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.40
(s, 1H, H-6), 3.90 (s, 6H, 1-OCH3/5-OCH3), 3.03 (m, 2H, H-1′),
1.55 (m, 2H, H-2′), 1.39 (m, 4H, H-3′, H-4′), and 0.92 (m, 3H, H-
5′); 13C NMR (90 MHz, CDCl3): δ 155.9 (C1, C5), 143.5 (C3), 105.4
(C2, C4), 94.9 (C6), 56.7 (2×-OCH3), 37.3 (C1′), 32.0 (C2′), 27.8
(C3′), 22.5 (C4′), and 14.2 (C5′); IR (ATR): 2928, 1571, 1449, 1423,
1332, 1212, and 1085 cm−1. HRMS (ESI+) calcd for [C13H18Br2O2 +
Na]+ ([M + Na]+), 386.9571; found, 386.9563.

2,4-Dibromo-3-ethyl-1,5-dimethoxybenzene (6b). Com-
pound 6b was prepared as described for 6a by using a solution of
5b (1.66 g, 7.02 mmol) in CH2Cl2 (20 mL; 10 mL; and 5 mL) and
NBS (1.29 g, 7.22 mmol; 1.50 g, 8.45 mmol; and 0.79 g, 4.43 mmol).
Yield 6b: 70% (1.60 g, 4.98 mmol) as a pale yellow solid: mp 89−91
°C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.40 (s, 1H, H-
6), 3.89 (s, 6H, 1-OCH3/5-OCH3), 3.08 (q, J1′,2′ = 7.6 Hz, 2H, H-1′),
and 1.03 (t, J2′,1′ = 7.5 Hz, 3H, H-2′); 13C NMR (90 MHz, CDCl3): δ
155.9 (C1, C5), 144.3 (C3), 105.1 (C2, C4), 94.9 (C6), 56.6 (2×-
OCH3), 30.9 (C1′), and 12.5 (C2′). IR (ATR): 2943, 1422, 1334,
1092, 1054, and 986 cm−1.

2,4-Dibromo-1,5-dimethoxy-3-propylbenzene (6c). Com-
pound 6c was prepared as described for 6a by using a solution of
5c (1.91 g, 10.61 mmol) in CH2Cl2 (40 mL; 20 mL; and 10 mL) and
NBS (1.91 g, 10.71 mmol; 1.90 g, 10.69 mmol; and 950 mg, 5.34
mmol). Yield 6c: quant. (3.58 g, 10.61 mmol) as a white solid: mp
82−84 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.40 (s,
1H, H-6), 3.90 (s, 6H, 1-OCH3/5-OCH3), 3.01 (m, 2H, H-1′), 1.58
(m, 2H, H-2′), and 1.03 (t, J3′,2′ = 7.3 Hz, 3H, H-3′); 13C NMR (90
MHz, CDCl3): δ 155.9 (C1, C5), 143.2 (C3), 105.4 (C2, C4), 94.9
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(C6), 56.6 (2×-OCH3), 39.2 (C1′), 21.6 (C2′), and 14.3 (C3′); IR
(ATR): 2965, 1570, 1447, 1422, 1329, 1209, and 1081 cm−1. HRMS
(ESI+) calcd for [C11H14Br2O2 + H]+ ([M + H]+), 336.9439; found,
336.943.
2,4-Dibromo-3-butyl-1,5-dimethoxybenzene (6d). Com-

pound 6d was prepared as described for 6a by using a solution of
5d (2.03 g, 10.44 mmol) in CH2Cl2 (45 mL; 20 mL; and 10 mL) and
NBS (1.94 g, 10.90 mmol; 1.98 g, 11.12 mmol; and 963 mg, 5.41
mmol). Yield 6d: 92% (3.39 g, 9.64 mmol) as a pale brown solid: mp
64−66 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.40 (s,
1H, H-6), 3.90 (s, 6H, 1-OCH3/5-OCH3), 3.03 (m, 2H, H-1′), 1.50
(m, 2H, H-2′, H-3′), and 0.97 (t, J4′,3′ = 7.0 Hz, 3H, H-4′); 13C NMR
(90 MHz, CDCl3): δ 155.9 (C1, C5), 143.4 (C3), 105.4 (C2, C4), 94.8
(C6), 55.6 (2×-OCH3), 37.1 (C1′), 30.3 (C2′), 23.0 (C3′), and 14.0
(C4′); IR (ATR): 2960, 1571, 1449, 1423, 1335, 1211, 1082, and
1052 cm−1.
2,4-Dibromo-3-hexyl-1,5-dimethoxybenzene (6e). Com-

pound 6e was prepared as described for 6a by using a solution of
5e (1.94 g, 8.72 mmol) in CH2Cl2 (40 mL; 20 mL; and 10 mL) and
NBS (1.86 g, 10.47 mmol; 1.86 g, 10.47 mmol; and 1.0 g, 5.62 mmol).
Yield 6e: 91% (3.01 g, 7.91 mmol) as a pale orange solid: mp 63−65
°C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.41 (s, 1H, H-
6), 3.91 (s, 6H, 1-OCH3/5-OCH3), 3.04 (m, 2H, H-1′), 1.55 (m, 2H,
H-2′), 1.45 (m, 2H, H-3′), 1.36 (m, 4H, H-4′, H-5′), and 0.91 (m,
3H, H-6′); 13C NMR (90 MHz, CDCl3): δ 155.9 (C1, C5), 143.4
(C3), 105.4 (C2, C4), 94.8 (C6), 55.6 (2×-OCH3), 37.4 (C1′), 31.6
(C4′), 29.5 (C3′), 28.1 (C2′), 22.8 (C5′), and 14.3 (C6′); IR (ATR):
2928, 2857, 1569, 1450, 1422, 1343, 1209, and 1088 cm−1. HRMS
(ESI+) calcd for [C14H20Br2O2 + H]+ ([M + H]+), 378.9908; found,
378.9905.
4,6-Dibromo-5-pentylbenzene-1,3-diol (7a). A solution of

BBr3 (1 M in CH2Cl2, 2.5 mL, 2.5 mmol) was slowly added to a
solution of compound 6a (230 mg, 628 μmol) in CH2Cl2 (12 mL) at
−10 °C. The reaction mixture was stirred at rt overnight. The reaction
was quenched by the slow addition of water (16 mL), and the organic
layer was separated. The aqueous layer was extracted with CH2Cl2 (3
× 8 mL), and the combined organic layer was dried over Na2SO4,
filtered, and concentrated under vacuum. The resulting crude solid
product was purified by flash column chromatography (hexanes/
EtOAc, 2:1) to furnish 7a (193 mg, 570 μmol, 91% yield) as a gray
solid: mp 65−66 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ
6.65 (s, 1H, H-2), 5.72 (s, 2H, OH-1/OH-3), 2.92 (m, 2H, H-1′),
1.55 (m, 2H, H-2′), 1.40 (m, 4H, H-3′, H-4′), and 0.93 (m, 3H, H-
5′); 13C NMR (90 MHz, CDCl3): δ 152.6 (C1, C3), 141.5 (C5), 104.2
(C4, C6), 100.9 (C2), 37.2 (C1′), 31.9 (C2′), 27.9 (C3′), 22.9 (C4′),
and 14.2 (C5′); IR (ATR): 3427, 3217, 2927, 1577, 1426, 1230, and
1164 cm−1. HRMS (ESI−) calcd for [C11H14Br2O2 − H]− ([M −
H]−), 334.9282; found, 334.9291.
4,6-Dibromo-5-ethylbenzene-1,3-diol (7b). Compound 7b

was prepared as described for 7a by using a solution of 6b (1.40 g,
4.32 mmol) in CH2Cl2 (70 mL) and BBr3 (1 M in CH2Cl2, 17.2 mL,
24.69 mmol). Yield 7b: 82% (1.05 g, 3.53 mmol) as a gray solid: mp
105−107 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.66
(s, 1H, H-2), 5.68 (s, 2H, OH-1/OH-3), 2.99 (q, J1′,2′ = 7.4 Hz, 2H,
H-1′), and 1.16 (t, J2′,1′ = 7.4 Hz, 3H, H-2′); 13C NMR (90 MHz,
CDCl3): δ 152.7 (C1, C3), 142.5 (C5), 103.9 (C4, C6), 100.9 (C2),
31.3 (C1′), and 12.5 (C2′); IR (ATR): 3476, 3240, 1583, 1429, 1336,
1231, and 1165 cm−1. HRMS (ESI−) calcd for [C8H8Br2O2 − H]−

([M − H]−), 292.8813; found, 292.8821.
4,6-Dibromo-5-propylbenzene-1,3-diol (7c). Compound 7c41

was prepared as described for 7a by using a solution of 6c (2.04 g,
6.89 mmol) in CH2Cl2 (80 mL) and BBr3 (1 M in CH2Cl2, 24.0 mL,
24.00 mmol). Yield 7c: 85% (1.82 g, 5.87 mmol) as a gray solid: mp
89−91 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.66 (s,
1H, H-2), 5.65 (s, 2H, OH-1/OH-3), 2.91 (m, 2H, H-1′), 1.59 (t,
J2′,1′/3′ = 7.5 Hz, 2H, H-2′), and 1.04 (t, J3′,2′ = 7.4 Hz, 3H, H-3′); 13C
NMR (90 MHz, CDCl3): δ 152.7 (C1, C3), 141.3 (C5), 104.3 (C4,
C6), 100.9 (C2), 39.6 (C1′), 21.7 (C2′), and 14.2 (C3′); IR (ATR):
3422, 3155, 2968, 1581, 1423, 1339, and 1238 cm−1.

4,6-Dibromo-5-propylbenzene-1,3-diol (7d). Compound 7d
was prepared as described for 7a by using a solution of 6d (2.00 g,
5.68 mmol) in CH2Cl2 (80 mL) and BBr3 (1 M in CH2Cl2, 22.7 mL,
22.7 mmol). Yield 7d: 73% (1.34 g, 4.13 mmol) as a gray solid: mp
96−97 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.65 (s,
1H, H-2), 5.65 (s, 2H, OH-1/OH-3), 2.94 (m, 2H, H-1′), 1.49 (m,
4H, H-2′, H-3′), and 0.98 (t, J4′,3′ = 7.1 Hz, 3H, H-4′); 13C NMR (90
MHz, CDCl3): δ 152.7 (C1, C3), 141.5 (C5), 104.2 (C4, C6), 100.8
(C2), 37.5 (C1′), 30.3 (C2′), 22.9 (C3′), and 14.0 (C4′); IR (ATR):
3432, 3224, 2962, 1582, 1424, 1260, and 1145 cm−1. HRMS (ESI−)
calcd for [C10H12Br2O2 − H]− ([M − H]−), 320.9126; found,
320.9138.

4,6-Dibromo-5-hexylbenzene-1,3-diol (7e). Compound 7e
was prepared as described for 7a by using a solution of 6e (1.00 g,
2.63 mmol) in CH2Cl2 (50 mL) and BBr3 (1 M in CH2Cl2, 10.5 mL,
10.50 mmol).Yield 7e: 91% (846 mg 2.40 mmol) as a gray solid: mp
55−53 °C (from CH2Cl2);

1H NMR (360 MHz, CDCl3): δ 6.65 (s,
1H, H-2), 5.67 (s, 2H, OH-1/OH-3), 2.92 (m, 2H, H-1′), 1.52 (m,
2H, H-2′), 1.43 (m, 2H, H-3′), 1.33 (m, 4H, H-4′, H-5′), and 0.90
(m, 3H, H-6′); 13C NMR (90 MHz, CDCl3): δ 152.6 (C1, C3), 141.6
(C5), 104.2 (C4, C6), 100.8 (C2), 37.8 (C1′), 31.6 (C4′), 29.4 (C3′),
28.1 (C2′), 22.9 (C5′), and 14.2 (C6′); IR (ATR): 3427, 3173, 2926,
1578, 1421, 1341, and 1231 cm−1. HRMS (ESI−) calcd for
[C12H16Br2O2 − H]− ([M − H]−), 348.9439; found, 348.9449.

4,6-Dibromo-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-
en-1-yl]-5-pentylbenzene-1,3-diol (9a). A mixture of 7a (152 mg,
450 μmol), (1S,4R)-1-methyl-4-(prop-1-en-2-yl)cyclohex-2-en-1-ol, 8
(82 mg, 540 μmol), and magnesium sulfate (136 mg, 1.16 mmol) in
dry CH2Cl2 (5 mL) was cooled to −35 °C in a N2/Ar atmosphere.
Then, p-toluenesulfonic acid monohydrate (43 mg, 225 μmol) was
added in one portion and the resulting mixture was stirred for 5 h at
−35 °C. After this time, the reaction was stirred at rt overnight. The
reaction was quenched with a solution of tribasic potassium
phosphate (401 mg, 1.89 mmol) in water (7 mL), and the layers
were separated. The aqueous layer was extracted with CH2Cl2 (5
mL), and the combining layers were separated. The volatiles were
removed under pressure, and the resulting oil was purified by flash
column chromatography (hexanes/EtOAc, 100:0 → 100:1) to afford
9a10 (137 mg, 0.29 mmol, 64% yield) as a yellow oil: [α]D20 −100.1
(c 6.5, EtOH); 1H NMR (360 MHz, CDCl3): δ 6.55 (br s, 1H, OH-
1′/OH-3′), 5.66 (br s, 2H, OH-1′/OH-3′), 5.46 (s, 1H, H-2), 4.53 (s,
1H, H-10trans), 4.41 (m, 1H, H-10cis), 4.07 (dm, 1H, H-1), 2.92 (m,
2H, H-1″), 2.55 (m, 1H, H-6), 2.22 (m, 1H, H-4), 2.07 (m, 1H, H-4),
1.81−1.74 (m, 2H, H-5), 1.77 (s, 3H, H-7), 1.68 (s, 3H, H-9), 1.58−
1.49 (m, 2H, H-2″), 1.43−1.38 (m, 4H, H-3″, H-4″), and 0.92 (m,
3H, H-5″); 13C NMR (90 MHz, CDCl3): δ 151.6 (C3′), 150.5 (C1′),
147.2 (C8), 139.9 (C5′), 139.5 (C3), 123.3 (C2), 115.7 (C2′), 111.6
(C10), 104.4 (C4′, C6′), 45.9 (C6), 38.1 (C1), 37.6 (C1″), 31.9 (C4″),
30.4 (C4), 28.2 (C5), 27.9 (C3″), 23.9 (C7), 22.5 (C4″), 19.0 (C9), and
14.2 (C5″); IR (ATR): 3497, 3395, 2924, 1599, 1429, 1356, and 1248
cm−1.

4,6-Dibromo-5-ethyl-2-[(1R,6R)-6-isopropenyl-3-methylcy-
clohex-2-en-1-yl]benzene-1,3-diol (9b). Compound 9b was
prepared as described for 9a by using a mixture of 7b (804 mg,
2.72 mmol), 8 (476 mg, 2.99 mmol), and MgSO4 (818 mg, 6.79
mmol) in dry CH2Cl2 (70 mL) and p-TsOH (258 mg, 1.35 mmol).
Yield 9b: 71% (829 mg, 1.83 mmol) as a yellow oil: [α]D20 −47.3 (c
1.1, CHCl3);

1H NMR (360 MHz, CDCl3): δ 6.57 (br s, 1H, OH-1′/
OH-3′), 5.56 (br s, 2H, OH-1′/OH-3′), 5.46 (s, 1H, H-2), 4.53 (s,
1H, H-10trans), 4.41 (m, 1H, H-10cis), 4.07 (dm, J1,6 = 10.2 Hz, 1H, H-
1), 2.98 (m, J1″,2″ = 7.5 Hz, 2H, H-1″), 2.55 (m, 1H, H-6), 2.22 (m,
1H, H-4), 2.08 (m, 1H, H-4), 1.81−1.74 (m, 2H, H-5), 1.77 (s, 3H,
H-7), 1.68 (s, 3H, H-9), and 1.15 (t, J2″,1″ = 7.5 Hz, 3H, H-2″); 13C
NMR (90 MHz, CDCl3): δ 151.7 (C3′), 150.2 (C1′), 147.3 (C8),
140.5 (C5′), 140.1 (C3), 123.2 (C2), 115.7 (C2′), 111.6 (C10), 104.3
(C4′, C6′), 45.9 (C6), 38.0 (C1), 31.2 (C5), 30.4 (C4), 28.2 (C1″), 23.9
(C7), 19.0 (C9), and 12.6 (C2″); IR (ATR): 3491, 2925, 1737, 1596,
1410, 1244, 1204, and 890 cm−1. HRMS (ESI−) calcd for
[C18H22Br2O2 − H]− ([M − H]−), 426.9908; found, 426.9918.
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4,6-Dibromo-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-
en-1-yl]-5-propylbenzene-1,3-diol (9c). Compound 9c50 was
prepared as described for 9a by using a mixture of 7c (383 g, 1.23
mmol), 8 (242 mg, 1.59 mmol), and MgSO4 (372 mg, 3.09 mmol) in
dry CH2Cl2 (6 mL) and p-TsOH (118 mg, 620 μmol). Yield 9c: 70%
(380 mg, 860 μmol) as a yellow oil: [α]D20 −61.8 (c 0.5, CHCl3); 1H
NMR (360 MHz, CDCl3): δ 6.56 (br s, 1H, OH-1′/OH-3′), 5.56 (br
s, 2H, OH-1′/OH-3′), 5.46 (s, 1H, H-2), 4.53 (s, 1H, H-10trans), 4.40
(m, 1H, H-10cis), 4.07 (dm, 1H, H-1), 2.90 (m, 2H, H-1″), 2.55 (m,
1H, H-6), 2.20 (m, 1H, H-4), 2.07 (m, 1H, H-4), 1.81−1.74 (m, 2H,
H-5), 1.77 (s, 3H, H-7), 1.68 (s, 3H, H-9), 1.58 (sext, J2″,1″/3″ = 7.3
Hz, 2H, H-2″), and 1.02 (t, J3″,2″ = 7.3 Hz, 3H, H-3″); 13C NMR (90
MHz, CDCl3): δ 151.6 (C3′), 149.9 (C1′), 147.2 (C8), 139.9 (C5′),
139.3 (C3), 123.2 (C2), 115.7 (C2′), 111.6 (C10), 104.5 (C4′, C6′),
45.9 (C6), 39.5 (C1″), 38.0 (C1), 30.4 (C4), 28.2 (C5), 23.9 (C7), 21.7
(C2″), 18.9 (C9), and 14.2 (C3″); IR (ATR): 3493, 3387, 2925, 1598,
1428, 1325, 1245, 1099, and 889 cm−1.
4,6-Dibromo-5-butyl-2-[(1R,6R)-6-isopropenyl-3-methylcy-

clohex-2-en-1-yl]benzene-1,3-diol (9d). Compound 9d was
prepared as described for 9a by using a mixture of 7d (663 mg,
2.05 mmol), 8 (365 mg, 2.39 mmol), and MgSO4 (615 mg, 5.11
mmol) in dry CH2Cl2 (11 mL) and p-TsOH (199 mg, 1.05 mmol).
Yield 9d: 56% (522 mg, 1.14 mmol) as a yellow oil: [α]D20 −63.1 (c
1.9, CHCl3);

1H NMR (360 MHz, CDCl3): δ 6.57 (br s, 1H, OH-1′/
OH-3′), 5.56 (br s, 2H, OH-1′/OH-3′), 5.46 (s, 1H, H-2), 4.53 (s,
1H, H-10trans), 4.40 (m, 1H, H-10cis), 4.06 (dm, 1H, H-1), 2.92 (m,
2H, H-1″), 2.54 (m, 1H, H-6), 2.20 (m, 1H, H-4), 2.09 (m, 1H, H-4),
1.81−1.74 (m, 2H, H-5), 1.77 (s, 3H, H-7), 1.68 (s, 3H, H-9), 1.57−
1.42 (m, 4H, H-2″, H-3″), and 0.97 (t, J4″,3″ = 7.0 Hz, 3H, H-4″); 13C
NMR (90 MHz, CDCl3): δ 151.8 (C3′), 150.0 (C1′), 147.3 (C8),
140.1 (C5′), 139.5 (C3), 123.2 (C2), 115.7 (C2′), 111.6 (C10), 104.4
(C4′, C6′), 45.9 (C6), 38.1 (C1), 37.4 (C1″), 30.4 (C4), 30.4 (C2″),
28.2 (C5), 23.9 (C7), 22.9 (C3″), 19.0 (C9), and 14.0 (C4″); IR
(ATR): 3494, 2924, 1600, 1429, 1328, 1247, and 892 cm−1. HRMS
(ESI−) calcd for [C20H26Br2O2 − H]− ([M − H]−), 455.0221; found,
455.0228.
4,6-Dibromo-5-hexyl-2-[(1R,6R)-6-isopropenyl-3-methylcy-

clohex-2-en-1-yl]benzene-1,3-diol (9e). Compound 9e was
prepared as described for 9a by using a mixture of 7e (629 mg,
1.79 mmol), 8 (299 mg, 1.97 mmol), and MgSO4 (537 mg, 4.47
mmol) in dry CH2Cl2 (7 mL) and p-TsOH (170 mg, 893 μmol).
Yield 9e: 64% (555 mg, 1.14 mmol) as a yellow oil: [α]D20: −56.5 (c
1.6, CHCl3);

1H NMR (360 MHz, CDCl3): δ 6.57 (br s, 1H, OH-1′/
OH-3′), 5.67 (br s, 2H, OH-1′/OH-3′), 5.47 (s, 1H, H-2), 4.53 (s,
1H, H-10trans), 4.40 (m, 1H, H-10cis), 4.06 (dm, 1H, H-1), 2.91 (m,
2H, H-1″), 2.56 (m, 1H, H-6), 2.23 (m, 1H, H-4), 2.08 (m, 1H, H-4),
1.81−1.74 (m, 2H, H-5), 1.77 (s, 3H, H-7), 1.68 (s, 3H, H-9), 1.57−
1.49 (m, 2H, H-2″), 1.43−1.34 (m, 6H, H-3″, H-4″, H-5″), and 0.91
(m, 3H, H-6″); 13C NMR (90 MHz, CDCl3): δ 151.7 (C3′), 150.0
(C1′), 147.3 (C8), 140.1 (C5′), 139.6 (C3), 123.2 (C2), 115.7 (C2′),
111.6 (C10), 104.6 (C4′, C6′), 46.0 (C6), 38.1 (C1), 37.7 (C1″), 31.7
(C4″), 30.4 (C4), 29.4 (C4″), 28.2 (C5), 28.2 (C2″), 23.9 (C7), 22.8
(C5″), 19.0 (C9), and 14.2 (C6″); IR (ATR): 3499, 3394, 2924, 1593,
1428, 1246, and 890 cm−1. HRMS (ESI−) calcd for [C22H30Br2O2 −
H]− ([M − H]−), 483.0534; found, 483.0537.
2-[(1R,6R)-6-Isopropenyl-3-methylcyclohex-2-en-1-yl]-5-

pentylbenzene-1,3-diol (1a). To a solution of 9a (130 mg, 280
μmol) in methanol (1.5 mL) was added a solution of sodium sulfite
(92 mg, 730 μmol) and L-ascorbic acid (7 mg, 40 μmol) in water (1.5
mL). To the pink suspension formed, triethylamine (140 μL, 1.2
mmol) was added in one portion. The resulting mixture was heated to
75 °C for 24 h. After cooling to rt, the reaction mixture was partially
concentrated under reduced pressure to remove most of the methanol
and volatiles. The pH of the remaining aqueous phase was adjusted to
2 with hydrochloric acid 5% w/w. Hexane (10 mL) was added, and
the mixture was stirred for 15 min. The layers were separated, and the
aqueous phase was extracted with hexane (2 × 10 mL). The
combined organic layers were washed with brine (25 mL), dried over
Na2SO4, and then evaporated under reduced pressure. The obtained
oil was purified by flash column chromatography (hexanes/EtOAc,

100:1 → 10:1) to deliver 1a (38 mg, 12 μmol, 43% yield) as a light-
yellow oil: [α]D20 −122.0 (c 1.1, EtOH), −51.3 (c 1.7, CHCl3);

1H
NMR (400 MHz, CD3OD): δ 6.07 (s, 2H, H-4′, H-6′), 5.28 (s, 1H,
H-2), 4.46 (s, 1H, H-10trans), 4.42 (m, 1H, H-10cis), 3.93 (dm, J1,6 =
8.7 Hz, 1H, H-1), 2.89 (m, 1H, H-6), 2.37 (t, J1″,2″ = 7.5 Hz, 2H, H-
1″), 2.18 (m, 1H, H-4), 1.99 (m, 1H, H-4), 1.74 (m, 2H, H-5), 1.67
(s, 3H, H-7), 1.63 (s, 3H, H-9), 1.53 (quint, J2″,1″/3″ = 7.5 Hz, 2H, H-
2″), 1.29 (m, 4H, H-3″,H-4″), and 0.89 (t, J5″,4″ = 6.9 Hz, 3H, H-5″);
13C NMR (100 MHz, CD3OD): δ 157.5 (C3′), 150.3 (C8, C1′), 142.7
(C5′), 134.1 (C3), 127.3 (C2), 115.9 (C2′), 110.5 (C10), 108.3 (C4′,
C6′), 46.3 (C6), 37.5 (C1), 36.6 (C1″), 32.7 (C3″), 32.0 (C2″), 31.7
(C5), 30.7 (C4), 23.7 (C7), 23.6 (C4″), 19.5 (C9), and 14.4 (C5″); IR
(ATR): 3424, 2926, 1632, 1586, 1447, 1218, and 891 cm−1. All
spectral data are in agreement with the literature.12

5-Ethyl-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-
yl]benzene-1,3-diol (1b). Compound 1b was prepared as described
for 1a by using a solution of 9b (709 mg, 1.65 mmol) in MeOH (7
mL), a solution of Na2SO3 (551 g, 4.37 mmol) and L-ascorbic acid
(43.6 mg, 250 μmol) in H2O (7 mL), and Et3N (830 μL, 5.94 mmol).
Yield 1b: 63% (282 mg, 1.04 mmol) as a light-brown oil: [α]D20

−86.9 (c 1.9, CHCl3);
1H NMR (400 MHz, CD3OD): δ 6.10 (s, 2H,

H-4′, H-6′), 5.28 (s, 1H, H-2), 4.48 (s, 1H, H-10trans), 4.44 (m, 1H,
H-10cis), 3.93 (dm, J1,6 = 8.7 Hz, 1H, H-1), 2.92 (m, 1H, H-6), 2.42
(q, J1″,2″ = 7.6 Hz, 2H, H-1″), 2.18 (m, 1H, H-4), 1.99 (m, 1H, H-4),
1.74 (m, 2H, H-5), 1.68 (s, 3H, H-7), 1.64 (s, 3H, H-9), and 1.15 (t,
J2″,1″ = 7.6 Hz, 3H, H-2″); 13C NMR (100 MHz, CD3OD): δ 157.5
(C3′), 150.3 (C8, C1′), 144.1 (C5′), 134.1 (C3), 127.3 (C2), 115.9
(C2′), 110.5 (C10), 107.7 (C4′, C6′), 46.3 (C6), 37.4 (C1), 31.7 (C5),
30.8 (C4), 29.5 (C1″), 23.7 (C7), 19.5 (C9), and 15.8 (C2″); IR
(ATR): 3405, 2925, 1628, 1582, 1439, 1215, and 888 cm−1. HRMS
(ESI+) calcd for [C18H24O2 + H]+ ([M + H]+), 273.1855; found,
273.1849.

2-[(1R,6R)-6-Isopropenyl-3-methylcyclohex-2-en-1-yl]-5-
propylbenzene-1,3-diol (1c). Compound 1c13 was prepared as
described for 1a by using a solution of 9c (321 mg, 723 μmol) in
MeOH (4 mL), a solution of Na2SO3 (262 g, 2.26 mmol) and L-
ascorbic acid (37 mg, 210 μmol) in H2O (4 mL), and Et3N (410 μL,
2.94 mmol). Yield 1c: 50% (103 mg, 360 μmol) as a brown oil:
[α]D20 −138.3 (c 2.3, EtOH), −72.23. (c 0.5, CHCl3);

1H NMR
(400 MHz, CD3OD): δ 6.09 (s, 2H, H-4′, H-6′), 5.30 (s, 1H, H-2),
4.47 (s, 1H, H-10trans), 4.44 (m, 1H, H-10cis), 3.94 (dm, J1,6 = 8.6 Hz,
1H, H-1), 2.90 (m, 1H, H-6), 2.36 (t, J1″,2″ = 7.5 Hz, 2H, H-1″), 2.18
(m, 1H, H-4), 1.99 (m, 1H, H-4), 1.74 (m, 2H, H-5), 1.68 (s, 3H, H-
7), 1.64 (s, 3H, H-9), 1.57 (sext, J2″,1″/3″ = 7.5 Hz, 2H, H-2″), and
0.90 (t, J3″,2″ = 7.5 Hz, 3H, H-3″); 13C NMR (100 MHz, CD3OD): δ
157.4 (C3’), 150.2 (C8, C1′), 142.4 (C5′), 134.3 (C3), 127.2 (C2),
115.9 (C2′), 110.5 (C10), 108.3 (C4′, C6′), 46.3 (C6), 38.8 (C1″), 37.4
(C1), 31.6 (C5), 30.7 (C4), 25.4 (C2″), 23.7 (C7), 19.5 (C9), and 14.2
(C3″); IR (ATR): 3412, 2924, 1629, 1534, 1443, 1217, and 889 cm−1.
HRMS (ESI+) calcd for [C19H26O2 + H]+ ([M + H]+), 287.2011;
found, 287.2009.

5-Butyl-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-
yl]benzene-1,3-diol (1d). Compound 1d14 was prepared as
described for 1a by using a solution of 9d (292 mg, 637 μmol) in
MeOH (4 mL), a solution of Na2SO3 (229 mg, 1.97 mmol) and L-
ascorbic acid (31 mg, 176 μmol) in H2O (4 mL), and Et3N (350 μL,
2.51 mmol). Yield 1d: 56% (108 mg, 360 μmol) as a brown oil:
[α]D20 −56.1 (c 1.0, CHCl3); 1H NMR (400 MHz, CD3OD): δ 6.08
(s, 2H, H-4′, H-6′), 5.28 (s, 1H, H-2), 4.47 (s, 1H, H-10trans), 4.43
(m, 1H, H-10cis), 3.93 (dm, J1,6 = 8.6 Hz, 1H, H-1), 2.91 (m, 1H, H-
6), 2.39 (t, J1″,2″ = 7.6 Hz, 2H, H-1″), 2.18 (m, 1H, H-4), 1.99 (m,
1H, H-4), 1.74 (m, 2H, H-5), 1.68 (s, 3H, H-7), 1.64 (s, 3H, H-9),
1.53 (quint, J2″,1″/3″ = 7.6 Hz, 2H, H-2″), 1.34 (sext, J3″,2″/4″ = 7.4 Hz,
2H, H-2″), and 0.92 (t, J4″,3″ = 7.4 Hz, 3H, H-4″); 13C NMR (100
MHz, CD3OD): δ 157.5 (C3′), 150.3 (C8, C1′), 142.6 (C5’), 134.0
(C3), 127.2 (C2), 115.9 (C2′), 110.5 (C10), 108.3 (C4′, C6′), 46.3
(C6), 37.4 (C1), 36.3 (C1″), 34.6 (C2″), 31.7 (C5), 30.8 (C4), 23.7
(C7), 23.4 (C3″), 19.5 (C9), and 14.3 (C4″); IR (ATR): 3429, 2925,
1629, 1583, 1441, 1213, and 1025 cm−1. HRMS (ESI+) calcd for
[C20H28O2 + H]+ ([M + H]+), 301.2168; found, 301.2163.
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5-Hexyl-2-[(1R,6R)-6-isopropenyl-3-methylcyclohex-2-en-1-
yl]benzene-1,3-diol (1e). Compound 1e was prepared as described
for 1a by using a solution of 9e (26 mg, 53 μmol) in MeOH (1 mL), a
solution of Na2SO3 (19 mg, 167 μmol) and L-ascorbic acid (4 mg, 14
μmol) in H2O (1 mL), and Et3N (30 μL, 214 μmol). Yield 1e: 63%
(11 mg, 33 μmol) as a brown oil: [α]D20: −50.2 (c 0.5, CHCl3);

1H
NMR (400 MHz, CD3OD): δ 6.09 (s, 2H, H-4′, H-6′), 5.30 (s, 1H,
H-2), 4.47 (s, 1H, H-10trans), 4.43 (m, 1H, H-10cis), 3.94 (dm, J1,6 =
8.7 Hz, 1H, H-1), 2.89 (m, 1H, H-6), 2.38 (t, J1″,2″ = 7.6 Hz, 2H, H-
1″), 2.18 (m, 1H, H-4), 1.99 (m, 1H, H-4), 1.74 (m, 2H, H-5), 1.68
(s, 3H, H-7), 1.64 (s, 3H, H-9), 1.54 (m, 2H, H-2″), 1.30 (m, 6H, H-
3″, H-4″, H-5″), and 0.89 (m, 3H, H-6″); 13C NMR (100 MHz,
CD3OD): δ 157.4 (C3′), 150.2 (C8, C1′), 142.6 (C5′), 134.3 (C3),
127.3 (C2), 115.8 (C2′), 110.6 (C10), 108.3 (C4′, C6′), 46.3 (C6), 37.4
(C1), 36.6 (C1″), 32.9 (C4″), 32.3 (C3″), 31.7 (C5), 30.6 (C4), 30.0
(C2″), 23.8 (C5″), 23.7 (C7), 19.5 (C9), and 14.5 (C6″); IR (ATR):
3438, 2923, 1629, 1583, 1444, 1217, 1027, and 888 cm−1. HRMS
(ESI+) calcd for [C22H32O2 + H]+ ([M + H]+), 329.2481; found,
329.2477.
cAMP Determination Assays. Determination of cAMP levels in

HEK-293T cells transiently expressing CB2R (1 μg of cDNA) was
performed using the Lance-Ultra cAMP kit (PerkinElmer). 2 h before
initiating the experiment, the medium was substituted by a serum-free
medium. Then, transfected cells were dispensed in white 384-well
microplates at a density of 3000 cells per well and incubated for 15
min at rt with compounds, followed by 15 min incubation with
forskolin, and 1 h more with homogeneous time-resolved fluorescence
(HTRF) assay reagents. Fluorescence at 665 nm was analyzed on a
PHERAstar Flagship microplate reader equipped with an HTRF
optical module (BMG Labtech). Data analysis was made based on the
fluorescence ratio emitted by the labeled cAMP probe (665 nm) over
the light emitted by the europium cryptate-labeled anti-cAMP
antibody (620 nm). A standard curve was used to calculate cAMP
concentration. Forskolin-stimulated cAMP levels were normalized to
100%
ERK1/2 Phosphorylation Assays. HEK-293T cells were grown

on transparent Biocat poly-D-lysine 96-well plates (Deltalab) and kept
at an incubator for 24 h. Then, cells were transiently transfected with
1 μg of cDNA coding for CB2R or mutant receptors and incubated for
48 h at 37 °C in a 5% CO2 humid atmosphere. 2 h before initiating
the experiment, the medium was substituted by a serum-free medium.
Cells were stimulated at 25 °C for 7 min with vehicles or agonists in
the serum-free Dulbecco’s modified Eagle’s medium. After that, cells
were washed twice with cold phosphate-buffered saline before the
addition of lysis buffer (30 μL/well) and incubated for 15 min at 25
°C on a Heidolph Titramax 100 shaker. 10 μl of each cell lysate was
transferred to white ProxiPlate 384-well microplates (PerkinElmer;
Waltham, MA, USA). ERK1/2 phosphorylation was determined using
an AlphaScreenSureFire kit (PerkinElmer, Waltham, MA, US): 5 μL/
well of acceptor beads was added. Plates, protected from light, were
incubated for 2 h at 25 °C. Finally, 5 μL/well of donor beads was
added and plates, protected from light, were incubated for 2 h before
analysis. Fluorescence was determined using an EnSpire Multimode
Plate Reader (PerkinElmer, Waltham, MA, USA). The value of
reference (100%) was that achieved in the absence of any treatment
(basal). The effect of ligands was given in percentage with respect to
the basal value.
Dynamic Mass Redistribution Assays. Cell mass redistribution

induced upon receptor activation was detected by illuminating with
polychromatic light the underside of a biosensor and measuring the
changes in the wavelength of the reflected monochromatic light that is
a sensitive function of the index of refraction. The magnitude of the
wavelength shift (in picometers) is directly proportional to the
amount of mass redistribution. 48 h before the assay, HEK-293T cells
were transiently transfected with 1 μg of cDNA coding for CB2R or
mutant receptors. HEK-293T cells were seeded in 384-well sensor
microplates to obtain 70−80% confluent monolayers constituted by
approximately 10,000 cells/well. Prior to the assay, cells were washed
twice with an assay buffer (HBSS with 20 mM HEPES, pH 7.15, and
1% BSA) (SigmaAldrich, St. Louis, MO, US) and incubated for 2 h

with an assay buffer containing 0.1% DMSO (24 °C, 30 μL/well).
Hereafter, the sensor plate was scanned, and a baseline optical
signature was recorded for 10 min before adding 10 μL of the
selective antagonists for 30 min, followed by the addition of 10 μL of
the selective agonists; all test compounds were diluted in the assay
buffer. Then, DMR responses were monitored for at least 5000 s in an
EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA)
by a label-free technology. Results were analyzed using EnSpire
Workstation Software v 4.10.

Molecular Docking and MD Simulations. The CB2R-
AM12033-Gi cryo-EM structure (PDB id 6KPF)18 (missing residues
55−181 and 233−239 of αi- were built from the CB2R-WIN55, 212-
2-Gi structure, 6PT0,17 using MODELLER v9.25) was used in
docking studies and MD simulations. JWH-133 and CBD were
docked into the orthosteric binding cavity (Figure S1), and CBD,
PAM 1c, and NAM 1e were docked into the allosteric binding cavity
(Figure S4) using the Molecular Operating Environment software
(Chemical Computing Group Inc., Montreal, Quebec, Canada).
These structures were embedded in a lipid bilayer box, constructed
using PACKMOL-memgen,51 containing 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, cholesterol , water molecules (TIP3P),
and monoatomic Na+ and Cl− ions (see Figure S3 for details). MD
simulation of these systems was performed with GROMACS 201952

(Figures S3 and S5).
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