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Abstract

We recently discovered and reported a series of N-alkyl-isatin acylhydrazone derivatives that are
potent cannabinoid receptor 2 (CB2) agonists. In an effort to improve the druglike properties of
these compounds and to better understand and improve the treatment of neuropathic pain, we
designed and synthesized a new series of 2,3-dihydro-1-benzofuran derivatives bearing an
asymmetric carbon atom that behave as potent selective CB2 agonists. We used a multidisciplinary
medicinal chemistry approach with binding mode prediction through ligand-steered modeling.
Enantiomer separation and configuration assignment were carried out for the racemic mixture for
the most selective compound, MDA7 (compound 18). It appeared that the S enantiomer,
compound MDA104 (compound 33), was the active enantiomer. Compounds MDA42 (compound
19) and MDA39 (compound 30) were the most potent at CB2. MDA42 was tested in a model of
neuropathic pain and exhibited activity in the same range as that of MDA7. Preliminary ADMET
studies for MDA7 were performed and did not reveal any problems.
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Introduction

The endogenous cannabinoid system is a complex system consisting of two cannabinoid
receptors (cannabinoid receptors 1 [CB1] and 2 [CB2]), seven endogenous
(endocannabinoid) ligands,[1] and several proteins responsible for the regulation of
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endocannabinoid metabolic pathways, such as monoacylglycerol lipase and fatty acid amide
hydrolase.[2] Modulation of this system has significant consequences in terms of
immunomodulation. CB2 stimulation suppresses microglial cell activation and
neuroinflammation,[3, 4] which may explain why CB2 is an emergent target for the treatment
of neuropathic pain.[5–8] On the other hand, use of CB2 inverse agonists has been studied for
the treatment of allergic contact dermatitis in animal models.[9] Increases in
endocannabinoid concentrations seem to be a protective mechanism aimed at counteracting
pain and inflammation.[10]

The two cannabinoid receptors that have been characterized and cloned, CB1 and
CB2,[11, 12] have significant differences in terms of localization and function. CB1 is found
predominantly in the brain[13] and is linked to cognitive impairment and psychoactivity.[14]

These adverse effects preclude the development and use of CB1 agonists as therapeutics.
CB2 is expressed mainly on immune tissues—the spleen, tonsils, monocytes, and B and T
lymphocytes.[12,15] CB2 mRNA and/or protein levels are increased during different
inflammatory conditions.[3, 4] Modulation of CB2 appears not to cause central side
effects.[6, 7]

Neuropathic pain is caused by lesions in the central or peripheral nervous system and is
characterized by hyperalgesia, reduced nociceptive thresholds such that normally innocuous
stimuli cause pain, and allodynia (touch-evoked pain). Neuropathic pain is triggered by
conditions such as diabetic neuropathy, AIDS-related neuropathy, postherpetic neuralgia,
degenerative spinal disease, chemotherapy, radiotherapy, complex regional pain syndrome,
phantom limb pain, trigeminal neuralgia, and multiple sclerosis. Neuropathic pain is
refractory to traditional analgesics. The current typical treatments for neuropathic pain—
opioids, gabapentin, and amitriptyline—are effective in fewer than 30 % of patients.[16–20]

Neuropathic pain negatively affects patients’ physical, emotional, and social quality of
life.[21] Recently, however, CB2 has emerged as a new target for the treatment of
neuropathic pain.[7, 8,22–24] Upregulation of CB2 mRNA and proteins in the dorsal root
ganglia and spinal cord is also found in animals after spinal nerve ligation[23,25] or nerve
injury.[26–28]

Recently, the potential utility of CB2 agonists as treatments for neuropathic pain has
received much attention. Several CB2 selective agonists have been described,[5,6, 29–37] and
in the last 2 years, more than 150 patents have been granted on CB2 modulators.

Some of these compounds (Figure 1) have been widely used in in vivo animal models of
neuropathic pain. Compound 1 better drug-like profile. A novel series based on a 3,3-
disubstituted-2,3-dihydro-1-benzofuran ring was designed to increase bioavailability
compared with the isatin series. On the basis of a comparison of the benzofuran and isatin
structures, we assumed that the benzofuran scaffold might mimic the isatin scaffold (Figure
2). In Figure 2, ring B in the benzofuran series is superimposable with ring B in the isatin
series formed by the hydrazone and the indolone through an internal hydrogen bond. In this
case, the two five-membered rings (ring A) from the benzofuran and isatin structures fit. The
absence of ring C in the benzofuran series is expected to decrease lipophilicity of the
benzofuran series compared with the isatin series. This benzofuran series was synthesized
using a colloidal palladium nano-particle-catalyzed tandem cyclization/cross-coupling
reaction. We previously described the detailed pharmacological profile of one of these
benzofuran compounds, compound 18.[7] This compound reversed neuropathic pain in
spinal nerve ligation and paclitaxel-induced neuropathy models in rats without affecting
locomotor behavior, and the effects of this compound were selectively antagonized by a CB2
receptor antagonist but not a CB1 receptor antagonist.[7] In this report, we describe the
design, synthesis, and structure-activity (Figure 1) has been described as a protean
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agonist.[38,39] Compound 2, a well-characterized selective CB2 agonist, showed efficacy in
models of inflammatory, postoperative, neuropathic, and osteoarthritic pain.[6] Compound 3
was chosen as a clinical candidate for the treatment of inflammatory pain.[30] Recently, the
pharmacokinetics and safety in humans of compound 4, a nonselective CB1/CB2 agonist
with limited brain penetration acting on the peripheral nervous system,[40] have been
reported on the basis of results of phase I studies.[41] We recently described compound 5,
which has a profile similar to that of compound 4 and which showed potent antiallodynic
effects in a rat model of neuropathic pain but did not affect rat locomotor activity.[42]

Systemic administration or intrathecal administration of compound 6[43] reduced both
evoked and spontaneous wide-dynamic-range neuronal activity in neuropathic but not sham-
treated rats. The effects in neuropathic rats were blocked by pre-administration of a CB2, but
not a CB1, receptor antagonist.[44]

We recently described a series of N-alkyl isatin acylhydrazone derivatives that are potent
CB2-selective agonists[42] and a series of CB2-selective inverse agonists.[45] The agonists
suffer from poor water solubility, and in our efforts to better understand and improve the
treatment of neuropathic pain, we sought to design and synthesize a series of agonists with a
relationships (SARs) of this series of benzofuran compounds and the biological activities of
both enantiomers of compound 18. Structural modeling studies based on ligand-steered
modeling of the agonist: CB2 complex binding site are also presented, supporting a
structural rationalization of SAR data.

Methods

Chemistry

The syntheses are outlined in Schemes 1–3. Compounds 10 a (Scheme 1) and 10 b (Scheme
2) were obtained from the corresponding phenols[46,47] by coupling with 3-bromo-2-
methylpropene using potassium carbonate in methyl ethyl ketone. The resulting ethers were
submitted to a palladium-catalyzed tandem cyclization/Suzuki-coupling reaction to afford
benzofuran 11 a, 11 b, and 11 c.[48,49] After saponification, the resulting carboxylic acids
(12 a to 12 c) were coupled with amines using HATU, DiPEA to afford compounds 13 and
14 and 16 to 24. To study the impact of substitution at carbone 3, the palladium-catalyzed
tandem cyclization/Suzuki-coupling reaction was done in the last step (Scheme 3).
Carboxylic acid 25 was obtained from 10 b by saponification using sodium hydroxide.
Then, 25 was coupled with cyclohexylamine or piperidine using HATU, DiPEA to afford
compounds 26 a and 26 b. Compounds 26 a and 26 b were submitted to palladium-
catalyzed tandem cyclization/Suzuki-coupling reaction to afford compounds respectively 27

and compounds 28 to 32. This synthetic pathway (Scheme 3) was not used for compounds
19 and 20, as their retention factors were close to the retention factors of, respectively,
compounds 26 b and 26 a.

Enantiomeric separation

Seven hundred fifty milligrams of the racemic mixture of compound 18 was processed using
a Cyclobond DMP column and a mixture of acetonitrile, acetic acid, and triethylamine as
mobile phase at a temperature of 10°C. Purity analysis indicated that compound 33 has an
enantiomeric purity of 97.3 % while compound 34 has an enantiomeric purity of 97.5 %.

Crystallographic analysis and assignment of absolute configuration

The structure of compound 33 was confirmed by X-ray diffraction. Compound 33 yielded
crystals of suitable quality for X-ray diffraction by slow evaporation of an ethyl acetate/
heptane solution (Figure 3). The crystal structure was determined using X-ray data collected
at 90 K, with Cu Kα radiation (λ=1.54178 Å) on a Bruker Kappa Apex-II diffractometer.
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Crystals are mono-clinic, space group P21 with Z = 2. All H atoms were visible in difference
maps and were placed in calculated positions in the refinement, with a torsional parameter
refined for the methyl group, leading to R =0.029, Rw =0.075 for 228 refined parameters
and 3026 independent reflections having θmax = 68.8°. The absolute configuration was
determined, on the basis of resonant scattering from light atoms only, to be (S) at C14, using
1266 Bijvoet pairs. The Flack parameter[50] has a value of x =0.07(19), and the Hooft
parameter[51] has a value of y = 0.03(8), corresponding to a probability of 1.000 that the
reported absolute configuration is correct. The CIF has been deposited at the Cambridge
Crystallographic Data Centre, CCDC 725803.

Ligand-steered modeling of the agonist: CB2 complex binding site

It should be emphasized that there is no crystal structure of an active-state class-A G-
protein-coupled receptor (GPCR). Thus, structural modeling studies were performed on the
benzofuran derivatives to identify a putative binding mode of this class of CB2 agonists. The
crude homology model of the active-state CB2 receptor developed in this study was based
on a multitemplate approach[52–54] using (1) the recently described crystallized structures of
the β2-adrenergic and ligand-free opsin class-A GPCRs, to take advantage of several
features of the purported active state of class-A GPCRs that are not completely present in
either crystal structure, and (2) the information obtained from several computational studies
that have proposed the active state models of CB2 and other class-A GPCRs.[55–65]

The CB2, β2-adrenergic (PDB code 2RH1), and ligand-free opsin (PDB code 3CAP)
sequences were aligned on the basis of existing information on conserved residues within
class-A GPCRs.[66] CB2 lacks the conserved proline in helix 5, so the next highly conserved
residue, tyrosine, was used for the alignment as described by Xie et al.[67] The nomenclature
of Ballesteros, Weinstein, and Stuart is used, whereby the most conserved residue in helix X
is labeled X.50.[68] The resulting sequence alignment was used as an input to MODELLER
9v4[69] to develop a crude CB2 model. The N- and C-terminus residues (amino acids 1–26
and 316–360) of CB2, the T4 L residues connecting helix 5 and 6 of β2, helices 5–7 of β2,
and helices 1–4 of ligand-free opsin were omitted. Mutagenesis and other CB2 modeling
studies suggest the possibility of a disulfide bond between residues Cys 174 and Cys 179 in
the E2-loop, which was included in our homology model.[70,71] On the basis of information
in the literature,[62] helix 3 of CB2 was rotated counterclockwise (as seen from the
extracellular side) using the GPCR Helix Manipulator script available under Maestro from
Schrçdinger LLC.[72] This was followed by a restraint-minimization procedure to relieve the
structural strain stemming from the replacement of nonconserved residues in the homology
modeling process while the pocket was kept intact.

The ligand-steered modeling method has already been described in full.[45,73, 74] Briefly,
starting from the crude model developed through a multitemplate approach, a known agonist
was seeded into the pocket, and a structural ensemble of 200 structures was generated by
randomizing the position and orientation of the ligand, followed by a multistep energy
minimization in which the van der Waals interaction was gradually switched from soft to
full interaction, as performed in other cases.[73, 75–77] The ligand and receptor were held
flexible in this stage without any restraints. The structures in the ensemble were ranked
using crude binding energy estimation, and then 40 structures were subjected to a full
flexible-ligand-flexible-side chain Monte Carlo-based global energy optimization. The top-
ranking structures were then visually inspected for ligand:receptor interactions, and complex
candidates were selected.
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Pharmacology

Cannabinoid-receptor-mediated functional activity—Functional activity was
evaluated using γ-[35S]GTP assays in Chinese hamster ovarian cell membrane extracts
expressing recombinant human CB1 (hCB1) or human CB2 (hCB2). The assay relies on the
binding of γ-[35S]GTP a radiolabeled nonhydrolyzable GTP analogue, to the G protein upon
binding of an agonist of the GPCR. In this system, agonists stimulate γ-[35S]GTP binding,
whereas antagonists have no effect and inverse agonists decrease γ-[35S]GTP basal binding.
CB1 and CB2 assay data are presented as the mean of two determinations. Assay
reproducibility was monitored by the use of a reference compound, compound 7. For
replicate determinations, the maximum variability tolerated in the test was of ± 20 % around
the average of the replicates. Efficacies (Emax) for CB1 and CB2 are expressed as a
percentage of the efficacy of compound 7.

Binding assays—Compounds 18, 19, 20, 29, and 30 were screened in a competitive
binding experiment using membranes of Chinese hamster ovarian K1 cells selectively
expressing hCB2 at different concentrations in duplicate.[78] The competitive binding
experiment was performed in 96-well plates (Masterblock) containing binding buffer (50
mm Tris, pH 7.4, 2.5 mm EDTA, 0.5 % protease-free bovine serum albumin), recombinant
membrane extracts (0.25 μg protein/well), and 1 nm [3H]7 (PerkinElmer, NEX-1051, 161
Ci/mmol, diluted in binding buffer). Nonspecific binding was determined in the presence of
10 μm compound 7 (Tocris Bioscience). The sample was incubated in a final volume of 0.1
mL for 60 min at 30°C and then filtered on a GF/B UniFilter microplate (PerkinElmer,
catalogue number 6005177) pre-soaked in 0.5 % polyethyleneimine for 2 h at room
temperature. Filters were washed six times with 4 mL of cold binding buffer (50 mm Tris,
pH 7.4, 2.5 mm EDTA, 0.5 % protease-free bovine serum albumin), and the amount of
bound [3H]7 was determined by liquid scintillation counting. Median inhibitory
concentration (IC50) values were determined by nonlinear regression using the one-site
competition equation. The inhibition constant (Ki) values were calculated using the Cheng-
Prus-off equation (Ki =IC50/(1+(L/KD)), where L = concentration of radioligand in the assay
and KD = affinity of the radioligand for the receptor.

In vivo evaluation

Animals—Adult male Sprague Dawley rats (Harlan Sprague Dawley) weighing 120–150
gm were used in experimental procedures approved by the Animal Care and Use Committee
of The University of Texas M. D. Anderson Cancer Center. Animals were housed three per
cage on a 12-hour-light/12-hour-dark cycle with water and food pellets available ad libitum.

Paclitaxel-induced neuropathy model—Groups of rats (n =5–7) received either
vehicle (10 % Cremophor EL in saline) or 1.0 mg kg−1 of paclitaxel daily by intraperitoneal
injection for 4 consecutive days for a final cumulative dose of 4 mg kg−1;[7, 79] the injection
volume was 1 mL kg−1. Baseline responses to mechanical stimulation of the hind paw (see
next paragraph) were established on day 0 and continued daily until the development of
neuropathy was confirmed.

Assessment of mechanical withdrawal thresholds—For assessment of
antiallodynic effect, rats were placed in a compartment with a wire mesh bottom and
allowed to acclimate for a minimum of 30 min before testing. Mechanical sensitivity was
assessed using a series of Von Frey filaments with logarithmic incremental stiffness (0.41,
0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.1 g) (Stoelting, Wood Dale, IL), as previously
described,[80] and 50 % probability withdrawal thresholds were calculated with the up-down
method.[81] In brief, beginning with the 2.00 g probe, filaments were applied one by one to
the plantar surface of a hind paw for 6–8 s. If no withdrawal response was observed, the next
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stiffer filament was applied; if there was a withdrawal response, the next less stiff filament
was applied. Six consecutive responses after the first change in the response were used to
calculate the withdrawal threshold (in grams). When response thresholds fell outside the
range of detection, 15.00 g was assigned for absence of response to all tested fibers, and
0.25 g was assigned for withdrawal response to all tested fibers. The percentage maximal
possible effect was calculated as ([postdrug threshold−baseline threshold]/[cutoff threshold
(15 g)−baseline threshold])× 100.

Data analysis

Statistical analyses were carried out using BMDP 2007 (Statistical Solutions, Saugus, MA).
Data were analyzed using one-way analysis of variance (ANOVA) or t test, where
appropriate. If findings on ANOVA were significant, Tukey–Kramer post hoc analysis was
used for multiple group comparison. Area under the curve was calculated using the
trapezoidal rule. The results are presented as mean ±standard error of the mean and were
considered significant at P <0.05.

ADMET

Compound 18 was tested for the following: aqueous solubility (PBS, pH 7.4) at 2.0E−04 m
at a chromatographic wave length of detection of 230 nm,[82] plasma protein binding with
%recovery (human) at 1.0E−05m.,[83] A-B permeability at 1.0E−05 m.,[84] and B-A
permeability at 1.0E−05m.[85] Ames test[86] and automated whole-cell patch-clamp
technique (Qpatch 16 by Sophion Biosciences) were used to record outward potassium
currents (hERG) from single cells.[87]

Results and Discussion

Ligand-steered modeling of the agonist–CB2 complex

Because there is no published crystal structure of the active state of CB2, we aimed to
structurally characterize the agonist:CB2 complex to identify residues involved in ligand
recognition and thus explain SAR data for the benzofuran class of agonists. Recently,
ligand-steered homology modeling, in which known ligands are explicitly used to shape and
optimize the binding site through a docking-based stochastic global energy minimization
procedure, was developed and tested in melanin-concentrating hormone receptor 1, a class-
A GPCR target.[73] The ligand and receptor are considered flexible throughout the modeling
process, which ensures proper coverage of the interaction energy landscape. This method
was recently successfully applied in two different applications in the drug discovery process:
high-throughput docking-based discovery of novel chemotype inhibitors for melanin-
concentrating hormone receptor 1[73] and structural characterization of inverse agonists
binding to CB2.[45] Ligand-steered modeling of the binding site is especially useful when
there is only limited and inconclusive structural information available about protein:ligand
interactions. To accomplish our aim, we implemented this methodology to build a
multitemplate homology model of CB2 in a putative agonist-bound conformation, based on
available information about similar active-state models of class-A GPCRs[58–61,63–65,88] and
crystal structures of the β2-adrenergic[55–57] and ligand-free opsin receptors.[89]

Multi-template approach to develop an initial CB2 homology model

It is well known that the quality and accuracy of homology models depends on the choice of
the template protein structure and its sequence alignment with the target sequence.[74,90,91]

However, a single template structure may not represent a physiologically relevant
conformation, and if this is the case, the result is an inaccurate homology model. The use of
two or more homologous template structures, termed multitemplate homology modeling, has
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recently been successfully used to improve the accuracy of structural models.[52–54] In the
case of CB2 and other class-A GPCRs, rotational movement of helix 3 and/or helix 6,
translational motion of helix 5 towards helix 6, and outward tilting of helix 6 coupled with
structural changes, like breakage of “ionic lock” between R3.50 and D/E6.30 residues, seem
to characterize the active state, thus complicating the modeling.[58–65,88] Though the crystal
structure of the ligand-free opsin[89] explains the movements of helices 5 and 6 and the
breakage of ionic lock relevant for agonist-induced conformations, it fails to explain the
displacement of extracellular loop 2 away from the transmembrane core, as seen in the
crystal structure of human β2-adrenergic receptor, which may play an important role in
capturing diffusible ligands by providing the ligands access from the extracellular
environment into the transmembrane core of GPCRs.[64,89,92, 93] This displacement of
extracellular loop 2 away from the transmembrane core is difficult to explain on the basis of
the ligand-free structure of opsin. However, it should be noted that the β2-adrenergic
receptor was crystallized with inverse agonist carazolol;[55–57] hence, it may not be suited to
model an active-state structure by itself. Therefore, considering that neither crystal structure
is suitable as is to model an active-state GPCR, and on the basis of the experimental and
modeling evidence reported above, we incorporated several features from both crystal
structures (helices 1–4 and extracellular loop 2 from β2-adrenergic crystal structure, helices
5–7 from ligand-free opsin structure and manual rotation of helix 3), thus developing an
initial multitemplate model of active-state CB2. Thus, this initial model includes several
well-known structural features of the agonist-bound conformations of class-A GPCRs as
described earlier.

Structural characterization of the agonist-bound CB2 binding site in agreement with
experimental evidence

The current experimental and computational modeling studies indicate that hydrogen bonds,
π-π stacking, and/or van der Waals interactions with residues of helices 3–7 account for
most of the known ligand:CB2 interactions.[60,62, 72,94–97] Prior modeling, SAR, and
mutagenesis studies have suggested the presence of an aromatic pocket within helices 3, 5–7
surrounded by residues Y5.39, F5.46, W5.43, and W6.48, and hydrogen-bond interactions
with S3.31, T3.35, Y5.39, and N7.45.[60,62, 94–98] Mutagenesis studies seem to indicate that
interactions with S3.31 and F5.46 are crucial to improve selectivity as compared with
CB1.[95] However, ligand:receptor interactions vary with ligand chemotypes, and there is no
total agreement on the binding site and mode of CB2 agonist compounds. From the set of
compounds displaying CB2 agonist activity (Table 1), we selected compound 33 to model
the binding site with the ligand-steered method, analogous to what has been done with
GPCRs and other receptors.[45,73, 75,76,99–102] Because of the sensitivity of hCB2 half-
maximal effective concentration (EC50) values (Table 1) to C3 substitutions, we
hypothesized that the R1 group was facing towards the hydrophobic pocket located in the
interior of the transmembrane domain. Hence, in our initial model, the R1 group was
oriented towards that pocket. Given the similarities between the isatin scaffold and the
benzofuran scaffold, it was assumed that as in the case of isatin series, the lack of carbonyl
group results in loss of hCB2 functional activity for benzofuran-scaffold-based agonist
compounds. The R2 moiety (Table 1) was orientated such that the carbonyl group could
possibly make hydrogen bond interactions with S3.31 or Y5.39 as suggested in earlier
studies described above. These two conformations were seeded into the pocket and used as
the starting structures for the ligand-steered modeling of the binding site. An initial
ensemble of 200 structures for each conformation was generated by randomizing the
position and orientation of the ligand, followed by a flexible-ligand:flexible-receptor
docking procedure to select the most promising complexes (see Methods for a description of
this methodology). From these, two representative structures were chosen, the binding sites
were visually inspected, and the final complex was retained in which the R1 group was
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oriented toward the lipophilic pocket as described earlier and the carbonyl was positioned
close enough to any residue side chain to form a hydrogen bond. As described earlier, since
we hypothesized that the absence of the carbonyl group resulted in lack of affinity for
benzofuran compounds, we assumed that absence of hydrogen-bond interaction with the
carbonyl possibly was related to a wrong pose.

Correlation between ligand binding to the CB2 structural model and SAR data

Given the limited and inconclusive experimental evidence available to validate our model,
we evaluated the accuracy of the model by assessing its ability to explain the SAR data of
our compounds. In our representative model with compound 33 (Figure 4), the carbonyl
group is located at 1.8 Å from the side chain of S3.31, suggesting a possible ligand-receptor
interaction via hydrogen bond, as described in earlier studies62. Mutagenesis of S3.31 with
glycine (S3.31G) and/or F5.46 with valine (F5.46 V) in CB2 resulted in loss of affinity/
activity for several CB2 agonists, which confirmed the role of these residues in developing
CB2-selective agonists.[62,95, 96,98] The R1 group (Table 1) is properly located in the
aromatic pocket to form van der Waals interactions with residues F5.46 and W6.48. The R2
group (1-piperidyl for compound 33) is oriented towards F7.35. These observations suggest
the overall binding mode and possible ligand receptor interactions of the benzofuran series
of agonist compounds. It is important to note the difference in functional activity with
different R1 moieties facing the aromatic domain. Introduction of chlorine (compound 30) at
the phenyl ring facing the aromatic pocket results in increased hCB2 functional activity
compared with compound 33, while introduction of polar moieties such as methoxyphenyl
(compound 31) or 4-pyridine (compound 32) in the aromatic pocket causes unfavorable
interactions with F5.46 and W6.48, resulting in loss of CB2 functional activity. Decreasing
negative electrostatic potential of phenyl ring by introduction of a chlorine (compound 30)
might result in an increase of the pi-stacking interaction with the electron-rich W6.48.
Alkenyl moiety (compound 19) seems to be well tolerated in the aromatic pocket.
Introduction of bulky moiety such as 1-naphthyl at the R1 position with 1-piperidyl at R2
(compound 28) causes steric clashes of the naphthyl group with side chains in TM3, which
results in complete loss of hCB2 functional activity. For compound 29: the 2-naphthyl group
is oriented deeper into the aromatic pocket, which abolishes the pi-stacking interaction with
W6.48 and possibly the hydrogen bond interaction with S3.31, which explains its loss of
activity.

Combination of a cyclohexyl ring at R2 with a 1-naphthyl ring at R1 causes steric clashes
with residues in transmembrane 3 and F7.35 and disruption of the hydrogen bond with
S3.31, explaining the complete loss of CB2 functional activity for compound 27. As the
aromatic pocket formed by residues F5.46 and W6.48 was well suited to tolerate either an
alkene or a phenyl ring, we decided to explore the receptor-ligand interactions for R2,
keeping either an alkene or a phenyl group for R1. Replacing the piperidine ring of
compound 19 by a cyclohexylamine ring (20) results in direct steric clashes with F7.35 and
decrease of CB2 functional activity. Moving the carboxamide moiety from position 6 to
position 5 (compounds 13–15) results in loss of hydrogen-bond interaction with S3.31,
explaining dramatic loss of CB2 functional activity of these compounds. The same
disruption of the hydrogen bond with S3.31 by steric clashes between F7.35 and the bulky
iodoaniline ring might explain the loss of activity for compound 16. However, some activity
is regained when the iodoaniline ring is replaced by a cyclohexyl group (compound 17). On
the other hand, neopentylamine moiety (compound 21) or N-tert-butylmethylamine moiety
(compound 23) exhibited the same range of CB2 potency as the piperidine analog 18. It
should be noted that compound 21 showed an efficacy of 48 %. As the vicinity of the R2
moiety is lipophilic, the lower lipophilicity of the neopentylamine nitrogen (compound 21)
compared to the trisubsituted piperidine nitrogen (compound 18) or N-tert-butylmethylamine
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(compound 23) might explain the decrease of CB2 efficacy. Introduction of a morpholine
ring in compound 22 disrupts the aromatic interactions with F7.35 and possibly hydrogen
bond with S3.31, explaining the loss of CB2 functional activity. However, replacing the
morpholine ring by a methyltetrahydropyran (compound 24) restores some CB2 functional
activity. The additional flexibility of the methyltetrahydropyran ring compared to the
morpholine group might result in exposing compound 24 to the solvent. For compound 34,
the R en-antiomer of compound 33, accommodation of the phenyl group in the aromatic
binding pocket results in a flipped benzofuran core, which may explain the decreased
activity.

Some compounds were selected for binding studies at hCB1 and hCB2 (Table 2).
Compounds 20 allow us to rule out any potential CB2 antagonist activity. Binding results
were in agreement with the corresponding hCB2 functional activities. Both compound 20

and compound 30 exhibited CB2 affinity in agreement with the corresponding CB2
functional activities. Compound 18 would be expected to show the same range of affinity for
CB2 as compounds 19 and 30 according to the hCB2 functional activities. However, the CB2
affinity of compound 18 was four times lower, which might be explained by a different
positioning of the radiolabeled ligand in the receptor compared with compound 18.

Effects of compounds 19 and 1 on tactile allodynia in a paclitaxel-induced neuropathic
pain model

Tactile allodynia developed in 100 % of rats 10 days after the start of paclitaxel
administration. In paclitaxel-treated rats, intraperitoneal administration of compound 19

suppressed mechanical allodynia (Figure 5) in a dose-dependent manner. The %MPE
(maximum peak effect) for reversing mechanical allodynia for the 15 mg kg−1 compound 19

dose was significantly different (P <0.05) from that of the vehicle.

The effects of 1 mg kg−1, 3 mg kg−1, and 5 mg kg−1 of compound 1, a CB2 ligand,[103]

were not significantly different from the effects induced by the vehicle (Figure 5). The
antinociceptive effects of compound 1 have been shown to involve the μ-opioid receptor
system and β-endorphin and to be blocked by administration of the opioid receptor
antagonist naloxone or antiserum to β-endorphin.[7, 104]

ADMET

Because the complete pharmacological profile was completed for compound 18,[7] we
performed ADME-Tox assessment for compound 18. No main issues appeared in the
preliminary compound-18 profile (Table 3). Aqueous solubility and plasma protein binding
are in the range of those of many marketed drugs. The partition coefficient (Log D, n-
octanol/PBS, pH 7.4) was not determined because compound 18 was below the limit of
quantitation in the aqueous phase. Intestinal permeability is compatible with oral
administration with no efflux. The Ames test was performed to determine whether
compound 18 was mutagenic. No genetic toxicity up to 10 μm was detected (Table 3).[86]

Compound 18 did not show any cardiac toxicity.

Conclusions

In summary, we have discovered a novel series of CB2 agonists that are potent and selective.
A multidisciplinary approach was carried out with the aim of improving understanding of
the interaction between our new series of compounds and the cannabinoid receptor CB2.
Organic synthesis, enantiomer separation, configurational assignment, and in vitro
biological testing were carried out and validated our CB2 homology model. Compound 33

and compound 34, the two enantiomers of compound 18, were tested at CB2 and CB1. The S
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enantiomer, compound 33, is responsible for compound 18 CB2 activity, and the R
enantiomer, compound 34, exhibited weak CB2 functional activity. The discrimination
between the two enantiomers for CB2 functional activity was predicted by our homology
model. Compound 18 exhibited the best selectivity at CB2 compared to CB1. Compound 19

and compound 30 were the most potent at CB2. Compound 19 was active in a model of
neuropathic pain in the same range as compound 18. Preliminary ADME-Tox studies for
compound 18 were performed and did not show any issues. Thus, we have identified a novel
series of compounds from which it should be possible to develop new drugs for the
treatment of neuropathic pain. Pharmacokinetic and metabolism studies are ongoing for
compound 18.

Experimental Section

All chemicals were purchased from Sigma–Aldrich or Acros. Thin-layer chromatographic
analyses were performed on Sigma–Aldrich 60 F254 TLC plates. Column chromatography
was performed with silica gel (230–400 mesh). 1H and 13C NMR spectra were recorded on
Bruker 300 and 500 MHz DPX NMR spectrometers, respectively. Chemical shifts (δ, in
ppm) are reported relative to either residual dimethyl sulfoxide (DMSO; 3.35 ppm) or
CHCl3 (7.24 ppm) as internal standards. Signals are abbreviated as follows: br=broad, s=
singlet, d =doublet, t =triplet, q=quadruplet, m=multiplet. Coupling constants (J) are
expressed in Hertz. When needed, the reactions were performed under a positive pressure of
dry N2 gas.

3-Iodo-4-(2-methylallyloxy)benzoic acid methyl ester (10 a)

Finely powdered K2CO3 (1.49 g, 10.78 mmol) was added to a solution of methyl 4-
hydroxy-3-iodobenzoate (1.5 g, 5.4 mmol) in anhydrous methyl ethyl ketone (60 mL)
followed by 3-bromo-2-methylpropene (0.81 mL, 1.1 g, 8.15 mmol). The reaction mixture
was heated at 70°C for 4 h. The mixture was diluted with EtOAc and filtered. The filtrate
was washed with H2O and dried over MgSO4. Evaporation of the solvent and of the
remaining bromopropene under vacuum afforded 1.77 g (98 %) of pure 10a as a yellow
oil. 1H NMR (300 MHz, CDCl3): δ = 8.46 (d, J = 1.8 Hz, 1 H), 7.98 (dd, J = 8.7 Hz, J =1.8
Hz, 1 H), 6.80 (d, J =8.7 Hz, 1 H), 5.19 (d, J =1.2 Hz, 1 H), 5.04 (d, J =1.2 Hz, 1 H), 4.54 (s,
2H), 3.09 (s, 3H), 1.88 (d, J = 1.2 Hz, 3H); 13C NMR (500 MHz, CDCl3): δ=165.49 (C=O),
160.64 (C), 140.99 (CH), 139.52 (C), 131.44 (CH), 113.39 (CH2), 111.09 (CH), 90.50 (C),
72.71 (CH2), 52.10 (CH3), 19.41 (CH3).

4-Iodo-3-(2-methylallyloxy)benzoic acid methyl ester (10 b)

Methyl 3-hydroxy-4-iodobenzoate (1.5 g, 5.4 mmol) was submitted to the same procedure
described above for the preparation of 10 a. Evaporation of the solvent and of the remaining
bromopropene under vacuum afforded 1.4 g (78 %) of pure 10 b as a yellow oil. 1H NMR
(500 MHz, CDCl3): δ = 7.86 (d, J = 8.1 Hz, 1 H), 7.42 (d, J =1.7 Hz, 1H), 7.36 (dd, J =8.1
Hz, 1.8 Hz, 1 H), 5.23 (s, 1H), 5.04 (s, 1 H), 4.54 (s, 2 H), 3.91 (s, 3 H), 1.88 (s, 3H); 13C
NMR (500 MHz, CDCl3): δ = 166.58 (C=O), 157.24 (C), 139.78 (C), 139.52 (CH), 131.49
(C), 123.36 (CH), 113.25 (CH2), 112.43 (CH), 93.22 (C), 72.68 (CH2), 52.31 (CH3), 19.50
(CH3).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid methyl ester (11 a)

K2CO3 (379 mg, 2.74 mmol), tetra-n-butylammonium chloride (380 mg, 1.37 mmol), and
PhB(OH)2 (200 mg, 1.64 mmol) were added to a solution of 10a (455 mg, 1.37 mmol) in
DMF (15 mL). The resulting mixture was heated at 115°C, and [Pd(OAc)2] (25.6 mg, 0.136
mmol) dissolved in DMF (5 mL) was added. The resulting mixture was stirred for 3 h at 115
°C, cooled to room temperature, filtered over silica, washed with H2O, dried over MgSO4,
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and concentrated under vacuum. Column chromatography (silica gel, heptane/CH2Cl2 4:6)
afforded 202 mg (52%) of the title compound as a light brown oil. 1H NMR (300 MHz,
CDCl3): δ = 7.89 (dd, J =8.4, 1.8, 1H), 7.72 (d, J =1.8 Hz, 1 H), 7.23 (m, 3H), 6.98 (m, 2H),
6.74 (d, J =8.4 Hz, 1H), 4.60 (d, J =8.9 Hz, 1 H), 4.13 (d, J = 8.9 Hz, 1 H), 3.89 (s, 3 H),
2.93 (d, J =13.4 Hz, 1H), 2.87 (d, J = 13.4 Hz, 1 H), 1.40 (s, 3 H); 13C NMR (75 MHz,
CDCl3): δ = 167.00 (C= O), 163.75 (C), 137.06 (C), 135.39 (C), 131.25 (CH), 130.22 (CH),
128.08 (CH), 126.67 (CH), 125.23 (CH), 122.70 (C), 109.45 (CH), 82.56 (CH2), 51.83
(CH3), 46.66 (CH2), 45.93 (C), 25.04 (CH3).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid methyl ester (11 b)

Compound 10b (455 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a. Column chromatography (silica gel, heptane/CH2Cl2 4:6)
afforded 368 mg (95 %) of the title compound as a light brown oil that crystallized; mp:
52°C; 1H NMR (500 MHz, CDCl3): δ = 7.59 (dd, J =7.7 Hz, 1.2 Hz, 1 H), 7.39 (d, J =1.0
Hz, 1H), 7.22 (m, 3H), 6.96 (m, 3 H), 4.54 (d, J =8.7 Hz, 1 H), 4.11 (d, J =8.7 Hz, 1 H), 3.89
(s, 3 H), 2.88 (q, J =13.3, 2H), 1.37 (s, 3H); 13C NMR (500 MHz, CDCl3): δ = 167.06
(C=O), 159.73 (C), 140.30 (C), 137.01 (C), 130.53 (C), 130.34 (CH), 128.05 (CH), 126.68
(CH), 123.19 (CH), 122.41 (CH), 110.64 (CH), 82.33 (CH2), 52.13 (CH3), 46.43 (CH2),
46.39 (C), 24.46 (CH3).

3-((E)-Hex-2-enyl)-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid methyl ester (11 c)

Compound 10 b (65 mg, 0.2 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 1-penten-1-ylboronic acid (26 mg, 0.23 mmol). Column
chromatography (silica gel, heptane/CH2Cl2 6:4) afforded 290 mg (48%) of the title
compound as a light yellow oil. 1H NMR (500 MHz, CDCl3): δ = 7.60 (dd, J = 7.7 Hz, 1.4
Hz, 1H), 7.40 (d, J = 1.1 Hz, 1H), 7.11 (d, J =7.7 Hz, 1 H), 5.41–5.47 (m, 1 H), 5.31–5.21
(m, 1 H), 4.43 (d, J =8.6 Hz, 1 H), 4.16 (d, J =8.6 Hz, 1H), 3.89 (s, 3 H), 2.35–2.23 (m, 2H),
1.94 (q, J =7.1, 2H), 1.33 (m, 6 H), 0.85 (t, J =7.4, 3 H); 13C NMR (500 MHz, CDCl3):
δ=167.04 (C=O), 159.73 (C), 140.74 (C), 135.03 (CH), 130.35 (C), 124.68 (CH), 122.66
(CH), 122.49 (CH), 110.46 (CH), 82.28 (CH2), 52.08 (CH3), 45.50 (C), 43.65 (CH2), 34.66
(CH2), 25.01 (CH3), 22.54 (CH2), 13.57 (CH3).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid (12 a)

A mixture of compound 10 a (125 mg, 0.44 mmol), NaOH (120 mg, 3 mmol), EtOH (6 mL),
and H2O (1 mL) in THF (6 mL) was stirred for 12 h at room temperature. The reaction
medium was acidified by adding a solution of 1.2m HCl and was extracted with EtOAc. The
organic phase was washed with H2O, dried (Na2SO4), and concentrated in a rotary
evaporator. The product was obtained as a light brown oil (116 mg, 97 %); 1H NMR (300
MHz, CDCl3): δ = 11.43 (s, 1 H), 7.89 (dd, J =8.4 Hz, 1.8 Hz, 1 H), 7.69 (d, J =1.6 Hz, 1
H), 7.11–7.14 (m, 3 H), 6.87 (dd, J =6.4 Hz, 2.9 Hz, 2 H), 6.67 (d, J = 8.4 Hz, 1 H), 4.51 (d,
J =8.9 Hz, 1 H), 4.05 (d, J =8.9 Hz, 1 H), 2.83 (d, J =13.4 Hz, 1H), 2.77 (d, J =13.3 Hz, 1
H), 1.30 (s, 3 H); 13C NMR (75 MHz, CDCl3): δ = 172.34 (C=O), 164.61 (C), 136.99 (C),
134.45(C), 132.25 (CH), 130.28 (CH), 128.15 (CH), 126.77 (CH), 125.99 (CH), 121.85 (C),
109.69 (CH), 82.81 (CH2), 46.69 (CH2), 45.91 (C), 25.04 (CH3).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid (12 b)

Compound 11 b (300 mg, 1.06 mmol) was submitted to the same procedure described above
for the preparation of 12 a. The product was obtained as a white solid (300 mg, 100 %); mp:
165 °C; 1H NMR (500 MHz, CDCl3): δ=7.67 (dd, J =7.7 Hz, 1.3 Hz, 1 H), 7.46 (d, J =1.0
Hz, 1 H), 7.22–7.25 (m, 3 H), 7.02–6.94 (m, 3 H), 4.57 (d, J =8.7 Hz, 1H), 4.14 (d, J =8.7
Hz, 1H), 2.91 (q, J =13.4 Hz, 2 H), 2.87 (q, J =13.4 Hz, 2H), 1.39 (s, 3 H); 13C NMR (500
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MHz, CDCl3): δ = 171.61 (C=O), 159.79 (C), 141.33 (C), 136.92 (C), 130.34 (CH), 129.61
(C), 128.08 (CH), 126.73 (CH), 123.31 (CH), 123.11 (CH), 111.14 (CH), 82.37 (CH2),
46.45 (C), 46.41 (CH2), 24.43 (CH3).

3-((E)-Hex-2-enyl)-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid (12 c)

Compound 11 c (200 mg, 0.73 mmol) was submitted to the same procedure described above
for the preparation of 12 a. The product was obtained as a colorless oil (155 mg, 82%) that
crystallized. mp: 172–173°C; 1H NMR (500 MHz, CDCl3): δ=7.70 (dd, J =7.7 Hz, 1.2 Hz, 1
H), 7.49 (d, J =0.9 Hz, 1 H), 7.17 (d, J = 7.7 Hz, 1H), 5.48 (dt, J =13.9 Hz, 6.8 Hz, 1 H),
5.30 (dt, J =14.9 Hz, 7.3 Hz, 1 H), 4.48 (d, J =8.6 Hz, 1 H), 4.20 (d, J =8.6 Hz, 1 H), 2.39–
2.27 (m, 2 H), 1.98 (dd, J =14.1, 7.1 Hz, 2H), 1.42–1.31 (m, 6 H), 0.88 (t, J =7.4 Hz,
3H); 13C NMR (500 MHz, CDCl3): δ=170.99 (C=O), 159.79 (C), 141.77 (C), 135.15 (CH),
129.31 (C), 124.58 (CH), 123.21 (CH), 122.81 (CH), 110.96 (CH), 100.00 (C), 82.32 (CH2),
45.57 (C), 43.63 (CH2), 34.67 (CH2), 25.00 (CH3), 22.54 (CH2), 13.58 (CH3).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid-o-iodoanilide (13)

O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU; 94
mg, 0.25 mmol) and a solution of N,N-diisopropylethylamine (DiPEA; 44 mg, 59 μL, 0.34
mmol) in DMF (1 mL) were added to a stirred suspension of compound 12a (60 mg, 0.225
mmol) and 2-iodoaniline (54 mg, 0.25 mmol) in CH2Cl2 (2 mL) and DMF (1 mL). The
reaction mixture was stirred at room temperature for 18 h. The reaction medium was
acidified by adding a solution of 1.2 m HCl and extracted with EtOAc. The organic phase
was washed with H2O, dried (MgSO4), and concentrated to give the amide, which was
purified by flash chromatography (EtOAc/heptane 4:6) to afford 10 mg (10%) of a light
brown oil. 1H NMR (300 MHz, CDCl3): δ = 8.75 (dd, J = 4.4 Hz, 1.3 Hz, 1 H), 8.47 (dd, J
=8.4 Hz, 1.4 Hz, 1H), 8.17 (dd, J =8.6 Hz, 2.0 Hz, 1H), 7.90 (d, J =1.9 Hz, 1H), 7.47 (dd, J
=8.4 Hz, 4.5 Hz, 1H), 7.28–7.22 (m, 4H), 7.01 (dd, J =7.4 Hz, 1.7 Hz, 2 H), 6.89 (d, J = 8.5
Hz, 1 H), 4.70 (d, J =9.1 Hz, 1 H), 4.24 (d, J =9.1 Hz, 1 H), 2.98 (d, J =13.3 Hz, 1H), 2.91
(d, J =13.3 Hz, 2H), 1.45 (s, 3H).

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid cyclohexylamide (14)

Compound 12 a (60 mg, 0.225 mmol) was submitted to the same procedure described above
for the preparation of 13 using cyclohexylamine (25 mg, 29 μL, 0.25 mmol). The organic
phase was washed with H2O, dried (MgSO4), and concentrated to give the amide as a white
solid. The solid was washed with a mixture of heptane and CH2Cl2/heptanes (9:1) to afford
38 mg (48 %) of a white solid. 1H NMR (300 MHz, CDCl3): δ = 7.56 (dd, J = 8.3, 1.9, 1H),
7.24 (dd, J =5.0 Hz, 1.9 Hz, 4H), 6.98 (dd, J =6.5 Hz, 2.8 Hz, 2 H), 6.75 (d, J =8.3 Hz, 1 H),
5.72 (d, J =7.4 Hz, 1 H), 4.57 (d, J =8.9 Hz, 1H), 4.14 (d, J =8.8 Hz, 1 H), 4.03–3.86 (m, 1
H), 2.93 (d, J =13.3 Hz, 1H), 2.86 (d, J =13.2 Hz, 1 H), 2.00–2.04 (m, 1 H), 1.83–1.53 (m,
4H), 1.52–1.32 (m, 5 H), 1.32–1.11 (m, 3H); 13C NMR (500 MHz, CDCl3): δ = 166.39
(C=O), 162.24 (C), 137.21 (C), 135.12 (C), 130.44 (CH), 127.96 (CH), 127.77 (CH), 127.41
(C), 126.68 (CH), 122.79 (CH), 109.34 (CH), 82.83 (CH2), 48.59 (CH), 46.64 (C), 46.06
(CH2), 33.34 (CH2), 25.64 (CH2), 24.95 (CH2), 24.68 (CH3); HRMS (ES+) calcd for
C23H27NO2 [M+H]+ m/z: 350.2120, found: 350.2095.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid piperidine amide (15)

Compound 12 a (60 mg, 0.225 mmol) was submitted to the same procedure described above
for the preparation of 13 using piperidine (21 mg, 25 μL, 0.25 mmol). The organic phase
was washed with H2O, dried (MgSO4), and concentrated to give the amide, which was
purified by flash chromatography (EtOAc/heptane 3:7) to afford 54 mg (71.5%) of the
desired amide as a colorless oil. 1H NMR (300 MHz, CDCl3): δ = 7.25–7.16 (m, 4 H), 7.03
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(d, J =1.7, 1H), 6.99 (dd, J =8.2 Hz, 1.7 Hz, 2 H), 6.73 (d, J = 8.2 Hz, 1 H), 4.53 (t, J =8.4
Hz, 1 H), 4.10 (d, J =8.4 Hz, 1 H), 3.53 (br s, 4H), 2.92 (d, J =13.3 Hz, 1 H), 2.86 (d, J
=13.3 Hz, 1 H), 1.75–1.48 (m, 6 H), 1.37 (s, 3 H); 13C NMR (500 MHz, CDCl3): δ = 170.77
(C=O), 160.80 (C), 137.37 (C), 135.14 (C), 130.44 (CH), 128.68 (C), 128.16 (CH), 128.02
(CH), 126.72 (CH), 123.05 (CH), 109.42 (CH), 82.58 (CH2), 46.68 (CH2), 46.32 (C), 29.84
(CH2), 24.81 (CH2), 24.72 (CH3); HRMS (ES +) calcd for C22H25NO2 [M+H]+ m/z:
336.1964, found: 336.1932.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid (2-iodophenyl)amide (16)

Compound 12b (80 mg, 0.3 mmol) was submitted to the same procedure described above
for the preparation of 13 using 2-iodoaniline (72 mg, 0.33 mmol). The crude amide was
purified by flash chromatography (EtOAc/heptane 4:6) to afford 22 mg of the desired amide
as a pale yellow solid (16%). 1H NMR (300 MHz, CDCl3): δ = 8.74 (dd, J = 4.5 Hz, 1.4 Hz,
1 H), 8.46 (dd, J =8.4 Hz, 1.4 Hz, 1H), 7.85 (dd, J =7.8 Hz, 1.5 Hz, 1H), 7.61 (d, J =1.3 Hz,
1H), 7.46 (dd, J =8.4 Hz, 4.5 Hz, 1H), 7.29–7.26 (m, 2 H), 7.07 (d, J =7.8 Hz, 1H), 6.99 (dd,
J =6.4 Hz, 3.0 Hz, 2H), 4.62 (d, J = 8.9 Hz, 1H), 4.21 (d, J =8.9 Hz, 1 H), 2.98 (d, J =13.3
Hz, 1 H), 2.92 (d, J =13.4 Hz, 1 H), 1.44 (s, 3H); 13C NMR (500 MHz, CDCl3): δ= 165.41
(C=O), 160.38 (C), 139.73 (C), 138.99 (C), 138.52 (CH), 137.12 (C), 135.27 (C), 130.54
(CH), 129.57 (CH), 128.27 (CH), 126.91 (CH), 126.17 (CH), 124.01 (CH), 121.96 (CH),
119.93, 108.64 (CH), 90.39 (C-I), 82.72 (CH2), 46.63(C), 46.56 (CH2), 24.74 (CH3); HRMS
(ES +) calcd for C23H20INO2 [M+H] + m/z: 470.0617, found: 470.0638.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid cyclohexylamide (17)

Compound 12 b (80 mg, 0.3 mmol) was submitted to the same procedure described above
for the preparation of 13 using cyclohexylamine (33 mg, 38 μL, 0.33 mmol). Crude amide
was purified by flash chromatography (EtOAc/heptane 2:8) to afford 70 mg (67 %) of a
white solid; mp: 119–121 °C; 1H NMR (300 MHz, CDCl3): δ=7.28–7.20 (m, 6 H), 7.11 (d, J
=1.4 Hz, 1H), 6.98 (dd, J =6.4 Hz, 3.1 Hz, 2 H), 6.92 (d, J =7.7 Hz, 1H), 5.87 (d, J = 6.8 Hz,
1 H), 4.54 (d, J =8.8 Hz, 1 H), 4.11 (d, J =8.8 Hz, 1H), 4.03–3.88 (m, 1 H), 2.91 (d, J =13.3
Hz, 1H), 2.86 (d, J =13.3 Hz, 1 H), 2.02 (m, 2 H), 1.82–1.60 (m, 3 H), 1.52–1.32 (m, 5H),
1.31–1.13 (m, 3 H); 13C NMR (500 MHz, CDCl3): δ = 166.48 (C=O), 159.88 (C), 138.29
(C), 137.08 (C), 135.76 (C), 130.36 (CH), 128.03 (CH), 126.62 (CH), 123.39 (CH), 119.31
(CH), 108.17 (CH), 82.46 (CH2), 48.64 (CH), 46.43 (CH2), 46.26 (C), 33.23 (CH2), 25.59
(CH2), 24.90 (CH2), 24.59 (CH3); HRMS (ES+) calcd for C23H27NO2 [M+H] + m/z:
350.2120, found: 350.2090.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid piperidine amide (18)

Compound 12 b (80 mg, 0.3 mmol) was submitted to the same procedure described above
for the preparation of 13 using piperidine (28 mg, 33 μL, 0.33 mmol). Crude amide was
purified by flash chromatography (EtOAc/heptane 4:6) to afford 50 mg (50%) of a white
solid; mp: 108°C; 1H NMR (500 MHz, CDCl3): δ = 7.25–7.20 (m, 3H), 7.00 (dd, J = 7.0
Hz, 1.2 Hz, 2H), 6.94 (d, J =7.5 Hz, 1 H), 6.89 (dd, J =7.5 Hz, 1.2 Hz, 1 H), 6.75 (d, J = 0.7
Hz, 1H), 4.53 (d, J =8.7 Hz, 1H), 4.09 (d, J =8.7 Hz, 1H), 3.41 (br s, 2 H), 3.69 (br s, 2 H),
2.90 (d, J =13.3 Hz, 1H), 2.86 (d, J = 13.3 Hz, 1H), 1.71–1.46 (m, 6H), 1.36 (s, 3H); 13C
NMR (500 MHz, CDCl3): δ = 170.18 (C=O), 159.47 (C), 137.26 (C), 136.76 (C), 136.20
(C), 130.36 (CH), 127.99 (CH), 126.58 (CH), 123.42 (CH), 119.08 (CH), 108.20 (CH),
82.28 (CH2), 46.56 (CH2), 46.22 (C), 24.64 (CH2), 24.56 (CH3); HRMS (ES +) calcd for
C22H25NO2 [M+H]+ m/z: 336.1964, found: 336.1964.
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3-((E)-Hex-2-enyl)-3-methyl-2,3-dihydrobenzofuran-6-yl]piperidin-1-ylmethanone (19)

Compound 12c (70 mg, 0.27 mmol) was submitted to the same procedure described above
for the preparation of 13 using piperidine (25 mg, 0.29 mmol). Crude amide was purified by
flash chromatography (EtOAc/heptane 3:7) to afford 69 mg (78%) of a colorless oil. 1H
NMR (300 MHz, CDCl3): δ = 7.07 (d, J =7.5 Hz, 1 H), 6.89 (dd, J =7.5 Hz, 1.4 Hz, 1 H),
6.77 (d, J = 1.0 Hz, 1H), 5.50–5.41 (dt, J =13.8 Hz, 6.8 Hz, 1 H), 5.35–5.24 (m, 1 H), 4.41
(d, J =8.6 Hz, 1 H), 4.13 (d, J =8.6 Hz, 1H), 3.68 (s, 2 H), 3.35 (s, 2 H), 2.28 (d, J =7.1 Hz, 2
H), 1.96 (dd, J =14.0 Hz, 7.1 Hz, 2 H), 1.76–1.58 (m, 6 H), 1.42–1.23 (m, 4H), 0.86 (t, J
=7.3 Hz, 3 H); 13C NMR (500 MHz, CDCl3): δ = 170.27 (C=O), 159.48 (C), 136.62 (C),
136.52 (C), 134.80 (CH), 124.96 (CH), 122.99 (CH), 119.14 (CH), 108.06 (CH), 82.28
(CH2), 45.31 (C), 43.70 (CH2), 34.67 (CH2), 25.16 (CH3), 24.64 (CH2), 22.58 (CH2), 13.61
(CH3); HRMS (ES +) calcd for C21H29NO2 [M+H]+ m/z: 328.2277, found: 328.2247.

3-((E)-Hex-2-enyl)-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid cyclohexylamide (20)

Compound 12 c (70 mg, 0.27 mmol) was submitted to the same procedure described above
for the preparation of 13 using cyclohexylamine (30 mg, 0.3 mmol). Crude amide was
purified by flash chromatography (EtOAc/heptane 2:8) to afford 83 mg (90%) of a colorless
oil. 1H NMR (300 MHz, CDCl3): δ=7.27 (dd, J =7.7 Hz, 1.3 Hz, 1 H), 7.12 (d, J =1.3 Hz,
1H), 7.09 (d, J =7.7 Hz, 1H), 5.86 (br d, J =8.5 Hz, 1 H), 5.51–5.39 (m, 1 H), 5.33–5.20 (m,
1 H), 4.42 (d, J =8.7 Hz, 1H), 4.15 (d, J =8.7 Hz, 1H), 4.04–3.87 (m, 1 H), 2.34–2.23 (m,
2H), 2.10–1.89 (m, 4H), 1.81–1.69 (m, 4 H), 1.52–1.13 (m, 9H), 0.85 (t, J =7.3 Hz, 3H); 13C
NMR (500 MHz, CDCl3): δ = 165.06 (C=O), 158.36 (C), 137.23 (C), 134.08 (C), 133.41
(CH), 123.25 (CH), 121.35 (CH), 117.83 (CH), 106.49 (CH), 80.83 (CH2), 47.06 (CH3),
43.83 (CH2), 42.13 (C), 33.14 (CH2), 31.70 (CH2), 28.17 (CH2), 24.05 (CH2), 23.60 (CH3),
23.35 (CH2), 21.02 (CH2), 12.07 (CH3); HRMS (ES +) calcd for C22H31NO2 [M+H]+ m/z:
342.2433, found: 342.2463.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-5-carboxylic acid (2,2-dimethylpropyl)amide (21)

Compound 12 b (60 mg, 0.225 mmol) was submitted to the same procedure described above
for the preparation of 13 using neopentylamine (29 mg, 0.33 mmol). Crude amide was
purified by flash chromatography (EtOAc/heptane 2:8) to afford 53 mg (60 %) of a colorless
oil. 1H NMR (500 MHz, CDCl3): δ = 7.29 (dd, J = 7.7 Hz, 1.3 Hz, 1H), 7.25–7.22 (m, 3 H),
7.13 (d, J =1.1 Hz, 1 H), 6.99 (dd, J =7.0 Hz, 2.0 Hz, 2H), 6.94 (d, J =7.7 Hz, 1H), 6.08 (s,
1H), 4.55 (d, J =8.7 Hz, 1H), 4.12 (d, J = 8.7 Hz, 1H), 3.26 (d, J =6.3 Hz, 2 H), 2.91 (d, J
=13.4 Hz, 1 H), 2.87 (d, J =13.3 Hz, 1H), 1.37 (s, 3H), 0.98 (s, 9 H); 13C NMR (500 MHz,
CDCl3): δ = 167.56 (C=O), 159.91 (C), 138.43 (C), 137.06 (C), 135.70 (C), 130.37 (CH),
128.04 (CH), 126.65 (CH), 123.50 (CH), 119.36 (CH), 108.11(CH), 82.48 (CH2), 51.00
(CH2), 46.42 (CH2), 46.28 (C), 32.15 (C), 27.30 (CH3), 24.58 (CH3); HRMS (ES +) calcd
for C22H27NO2 [M+H]+ m/z: 338.2120, found: 338.2148.

(3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-yl)morpholinomethanone (22)

Compound 12 b (70 mg, 0.26 mmol) was submitted to the same procedure described above
for the preparation of 13 using morpholine (48 mg, 0.56 mmol). Crude amide was purified
by flash chromatography (EtOAc/heptane 4:6) to afford 56 mg (64 %) of a colorless oil. 1H
NMR (300 MHz, CDCl3): δ = 7.22–7.24 (m, 2 H), 7.00–7.02 (m, 2H), 6.96 (d, J =7.5 Hz, 1
H), 6.90 (dd, J =7.6 Hz, 1.3, 1H), 6.76 (d, J =0.9 Hz, 1H), 4.54 (d, J =8.8 Hz, 0 H), 4.10 (d,
J = 8.8 Hz, 0 H), 3.59 (br m, 4H), 2.91 (d, J =13.4 Hz, 1 H), 2.85 (d, J = 13.4 Hz, 1 H), 1.36
(s, 3 H); 13C NMR (500 MHz, CDCl3): δ = 170.34 (C= O), 159.58 (C), 137.13 (C), 136.85
(C), 135.50 (C), 130.34 (CH), 128.01 (CH), 126.63 (CH), 123.61 (CH), 119.38 (CH), 108.44
(CH), 82.35 (CH2), 66.92 (CH2), 46.51 (C), 46.24, 24.56(CH3); HRMS (ES +) calcd for
C21H23NO3 [M+H] + m/z: 338.1756, found: 338.1763.
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3-Benzyl-N-tert-butyl-N,3-dimethyl-2,3-dihydrobenzofuran-6-carboxamide (23)

Compound 12 b (70 mg, 0.26 mmol) was submitted to the same procedure described above
for the preparation of 13 using N-tert-butylmethylamine (29 mg, 0.29 mmol). Crude amide
was purified by flash chromatography (EtOAc/heptane 2:8) to afford 69 mg (76%) of an off-
white oil; mp: 71°C; 1H NMR (300 MHz, CDCl3): δ = 7.22–7.23 (m, 3 H), 6.99 (dd, J = 6.4
Hz, 3.0, 2 H), 6.94 (dd, J =7.6 Hz, 1.3 Hz, 1H), 6.89 (d, J =7.5 Hz, 1H), 6.78 (d, J =1.1 Hz,
1H), 4.52 (d, J =8.8 Hz, 0 H), 4.08 (d, J =8.8 Hz, 0 H), 2.94–2.81 (m, 5H), 1.49 (s, 9H), 1.35
(s, 3 H); 13C NMR (500 MHz, CDCl3): δ = 172.98 (C=O), 159.42 (C), 139.44 (C), 137.26
(C), 136.21 (C), 130.35 (CH), 127.95 (CH), 126.53 (CH), 123.25 (CH), 119.63 (CH), 108.63
(CH), 82.25 (CH2), 56.42 (C), 46.53 (CH2), 46.18 (C), 35.34 (CH3), 27.73 (CH3), 24.50
(CH3); HRMS (ES +) calcd for C22H27NO2 [M+H]+ m/z: 338.2120, found: 338.2147.

3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid (tetrahydropyran-4-
ylmethyl)amide (24)

Compound 12 b (70 mg, 0.26 mmol) was submitted to the same procedure described above
for the preparation of 13 using 4-(aminomethyl)tetrahydropyran (46 mg, 0.4 mmol). Crude
amide was purified by flash chromatography (EtOAc/heptane 5:5) to afford 41 mg (43%) of
a colorless oil. 1H NMR (500 MHz, CDCl3): δ = 7.28 (dd, J = 7.7, 1.4, 1H), 7.23–7.24 (m,
3H), 7.12 (d, J =1.2, 1 H), 6.97 (dd, J =6.9 Hz, 2.4 Hz, 2H), 6.93 (d, J =7.7 Hz, 1H), 6.26 (br
s, 1H), 4.54 (d, J =8.7 Hz, 1H), 4.12 (d, J =8.7 Hz, 1 H), 3.98 (dd, J =11.3 Hz, 3.2 Hz, 2H),
3.42–3.31 (m, 4 H), 2.91 (d, J =13.3 Hz, 1 H), 2.86 (d, J =13.3 Hz, 1 H), 1.95–1.82 (m, 1H),
1.66 (d, J =11.6 Hz, 3 H), 1.48–1.27 (m, 5 H); 13C NMR (500 MHz, CDCl3): δ = 167.60
(C=O), 159.95 (C), 138.61 (C), 137.03 (C), 135.20 (C), 130.36 (CH), 128.05 (CH), 126.66
(CH), 123.50 (CH), 119.37 (CH), 108.12 (CH), 82.47 (CH2), 67.62 (CH2), 46.43 (CH2),
46.29 (C), 45.69 (CH2), 35.39 (CH), 30.70 (CH2), 24.57 (CH3); HRMS (ES +) calcd for
C23H27NO3 [M+H]+ m/z: 366.2069, found: 366.2065.

4-Iodo-3-(2-methylallyloxy)benzoic acid (25)

Compound 10 b (2 g, 6 mmol) was submitted to the same procedure described above for the
preparation of 12 a. The product was obtained as a colorless oil (1.8 g, 94%). 1H NMR (300
MHz, CDCl3): δ = 7.91 (d, J = 7.9 Hz, 1 H), 7.46 (m, 2 H), 5.23 (s, 1 H), 5.06 (s, 1H), 4.57
(s, 2H), 1.89 (s, 3 H); 13C NMR (500 MHz, CDCl3): δ=171.43 (C=O), 157.34 (C), 139.75
(CH), 139.69 (C), 130.51 (C), 123.99 (CH), 113.39 (CH2), 112.73 (CH), 94.62 (C), 72.73
(CH2), 19.49 (CH3).

N-Cyclohexyl-4-iodo-3-(2-methylallyloxy)benzamide (26 a)

HATU (449 mg, 1.18 mmol) and then DiPEA (229 mg, 1.77 mmol, 0.31 mL) were added to
a stirred suspension of 25 (350 mg 1.1 mmol) and cyclohexylamine (117 mg, 1.18 mmol,
0.134 mL) in CH2Cl2 (5 mL) and DMF (5 mL). The reaction mixture was stirred at room
temperature for 18 h. The reaction medium was acidified by the addition of a solution of
HCl (3.7 %) and extracted with CH2Cl2. The organic phase was washed three times with
H2O, dried (MgSO4), and concentrated to give the crude amide. Column chromatography
(silica gel, heptane/EtOAc 7:3) afforded the title compound as a white solid (418 mg, 95 %);
mp: 124–126 °C; 1H NMR (500 MHz, CDCl3): δ=7.80 (d, J =8.0 Hz, 1H), 7.29 (d, J =1.7
Hz, 1H), 6.94 (dd, J = 8.0 Hz, 1.7 Hz, 1H), 5.93 (d, J =7.4 Hz, 1 H), 5.22 (s, 1 H), 5.04 (s, 1
H), 4.55 (s, 2 H), 4.02–3.90 (m, 1H), 2.03 (dd, J =12.4 Hz, 3.1 Hz, 2 H), 1.87 (s, 3H), 1.80–
1.71 (m, 2H), 1.70–1.54 (m, 5H), 1.49–1.36 (m, 2 H), 1.20–1.27 (m, 4H); 13C NMR (500
MHz, CDCl3): δ = 165.87, (C= O) 157.55 (C), 139.86 (C), 139.24 (CH), 136.53 (C), 119.50
(CH), 113.16 (CH2), 111.20 (CH), 90.48 (C), 72.65 (CH2), 48.92 (CH), 33.15 (CH2), 25.54
(CH2), 24.88 (CH2), 19.48 (CH3).
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[4-Iodo-3-(2-methylallyloxy)phenyl]-(1-piperidyl)methanone (26 b)

Compound 25 (1.4 g, 4.4 mmol) was submitted to the same procedure described above for
the preparation of 26 a. The resulting oil was purified by column chromatography (silica gel,
CH2Cl2). After concentration, 500 mg (30%) of a white solid was obtained; mp: 43 °C; 1H
NMR (500 MHz, CDCl3): δ = 7.79 (d, J = 7.9 Hz, 1 H), 6.83 (d, J =1.6 Hz, 1 H), 6.71 (dd, J
=7.9 Hz, 1.7 Hz, 1 H), 5.19 (s, 1H), 5.02 (s, 1H), 4.50 (s, 2 H), 3.69 (br s, 2 H), 3.33 (brs,
2H), 1.87 (s, 3 H), 1.68 (br s, 4 H), 1.51 (br s, 2H); 13C NMR (500 MHz, CDCl3): δ =
169.27 (C =O), 157.28 (C), 139.86 (C), 139.37 (CH), 137.81(C), 120.57 (CH), 113.13
(CH2), 110.78 (CH), 87.77 (C), 72.64 (CH2), 24.56 (CH2), 19.46 (CH3).

3-Methyl-3-naphthalen-1-ylmethyl-2,3-dihydrobenzofuran-6-carboxylic acid
cyclohexylamide (27)

Compound 26 a (547 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 1-naphthylboronic acid (282 mg, 1.64 mmol). Column
chromatography (silica gel, heptane/EtOAc 8:2) afforded 368 mg (43 %) of the title
compound as a colorless oil. 1H NMR (300 MHz, CDCl3): δ = 7.88–7.79 (m, 2 H), 7.75 (d,
J = 8.2 Hz, 1 H), 7.47–7.31 (m, 3 H), 7.12–7.17 (m, 3 H), 6.84 (d, J = 8.0 Hz, 1 H), 5.85 (d,
J =7.8 Hz, 1 H), 4.57 (d, J =8.8 Hz, 1 H), 4.09 (d, J =8.8 Hz, 1 H), 3.96 (tdt, J =12.2 Hz, 8.3
Hz, 4.0 Hz, 1 H), 3.44 (d, J = 13.9 Hz, 1H), 3.33 (d, J =13.9 Hz, 1H), 2.02 (d, J =13.1 Hz, 2
H), 1.82–1.61 (m, 3 H), 1.53–1.35 (m, 5H), 1.32–1.13 (m, 3 H); 13C NMR (500 MHz,
CDCl3): δ = 166.47 (C=O), 159.78 (C), 138.62 (C), 135.81 (C), 133.80 (C), 133.45 (C),
133.00 (C), 128.81 (CH), 128.72 (CH), 127.47 (CH), 125.75 (CH), 125.36 (CH), 124.97
(CH), 124.05 (CH), 123.42 (CH), 119.26 (CH), 108.33 (CH), 82.71 (CH2), 48.60 (CH),
47.07 (CH2), 41.40 (C), 33.22 (CH2), 25.57 (CH2), 24.87 (CH2), 24.47(CH3); HRMS (ES +)
calcd for C27H29NO2 [M+H]+ m/z: 400.2277, found: 400.2292.

(3-Methyl-3-naphthalen-1-ylmethyl-2,3-dihydrobenzofuran-6-yl)-piperidin-1-ylmethanone
(28)

Compound 26 b (528 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 1-naphthylboronic acid (282 mg, 1.64 mmol). Column
chromatography (silica gel, heptane/EtOAc 7:3) afforded 227 mg (43%) of the title
compound as a colorless oil. 1H NMR (500 MHz, CDCl3): δ = 7.81 (dd, J = 8.1 Hz, 3.7 Hz,
2H), 7.75 (d, J =8.2 Hz, 1H), 7.43–7.32 (m, 3H), 7.20 (d, J =6.9 Hz, 1H), 6.80 (s, 1 H),
6.77–6.71 (m, 2H), 4.58 (d, J =8.7 Hz, 1 H), 4.09 (d, J = 8.7 Hz, 1H), 3.68 (br s, 2 H), 3.47
(d, J =13.9 Hz, 1H), 3.31 (m, 3H), 1.64–1.47 (m, 6 H), 1.43 (s, 3H); 13C NMR (500 MHz,
CDCl3): δ = 24.32 (CH3), 24.64 (CH2), 41.60 (CH2), 46.94 (C), 82.84 (CH2), 108.33 (CH),
119.02 (CH), 123.56 (CH), 124.19 (CH), 124.98 (CH), 125.27 (CH), 125.61 (CH), 127.46
(CH), 128.69 (CH), 128.77 (CH), 133.06 (C), 133.68 (C), 133.80 (C), 136.29 (C), 136.76
(C), 159.47 (C), 170.15 (C= O); HRMS (ES +) calcd for C26H27NO2 [M+H] + m/z:
386.2120, found: 386.2126.

(3-Methyl-3-naphthalen-2-ylmethyl-2,3-dihydrobenzofuran-6-yl)-piperidin-1-ylmethanone
(29)

Compound 26 b (528 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 2-naphthylboronic acid (282 mg, 1.64 mmol). Column
chromatography (silica gel, heptane/EtOAc 7:3) afforded 116 mg (22%) of the title
compound as a colorless oil. 1H NMR (500 MHz, CDCl3): δ = 7.83–7.77 (m, 1 H), 7.72 (dd,
J = 12.1 Hz, 6.1 Hz, 2H), 7.48–7.41 (m, 3H), 7.12 (dd, J =8.4 Hz, 1.4 Hz, 1 H), 6.95 (d, J
=7.5 Hz, 1 H), 6.89 (dd, J =7.5 Hz, 1.2 Hz, 1H), 6.75 (d, J =0.7 Hz, 1H), 4.61 (d, J =8.7 Hz,
1 H), 4.12 (d, J =8.7 Hz, 1 H), 3.69 (s, 2 H), 3.33 (s, 2H), 3.06 (d, J =13.4 Hz, 1H), 3.03 (d,
J = 13.4 Hz, 1H), 1.58–1.67 (m, 6H), 1.41 (s, 3H); 13C NMR (500 MHz, CDCl3): δ =
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170.18 (C=O), 159.50 (C), 136.82 (C), 136.14 (C), 134.88 (C), 133.18 (C), 132.21 (C),
128.94 (CH), 128.79 (CH), 127.58 (CH), 127.57 (CH), 127.41 (CH), 125.99 (CH), 125.56
(CH), 123.51 (CH), 119.08 (CH), 108.24 (CH), 82.35 (CH2), 46.75 (CH2), 46.47 (C), 24.64
(CH2), 24.59(CH3); HRMS (ES +) calcd for C26H27NO2 [M+H] + m/z: 386.2120, found:
386.2121.

[3-(4-Chlorobenzyl)-3-methyl-2,3-dihydrobenzofuran-6-yl]piperidin-1-ylmethanone (30)

Compound 26 b (528 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 4-chlorophenylboronic acid (256 mg, 1.64 mmol). Column
chromatography (silica gel, heptane/EtOAc 6:4) afforded 187 mg (37 %) of the title
compound as a colorless oil. 1H NMR (500 MHz, CDCl3): δ = 7.19 (d, J = 8.3 Hz, 2 H),
6.90 (dd, J =6.1 Hz, 2.1 Hz, 4H), 6.74 (s, 1H), 4.48 (d, J =8.8 Hz, 1H), 4.11 (d, J =8.8 Hz, 1
H), 3.69 (br s, 2 H), 3.33 (br s, 2 H), 2.85 (d, J =13.5 Hz, 1 H), 2.82 (d, J =13.5 Hz, 1H),
1.66 (m, 6H), 1.36 (s, 3 H); 13C NMR (500 MHz, CDCl3): δ = 170.08(C=O), 159.47(C),
136.92(C), 135.67(C), 135.58(C), 132.58(C), 131.60 (CH), 128.10 (CH), 123.44 (CH),
119.13 (CH), 108.28 (CH), 82.23 (CH), 46.17 (C), 46.01 (C), 24.62 (CH2), 24.37 (CH2);
HRMS (ES +) calcd for C22H24ClNO2 [M+H] + m/z: 370.1574, found: 370.1596.

[3-[(4-Methoxyphenyl)methyl]-3-methyl-2,3-dihydrobenzofuran-6-yl]-(1-
piperidyl)methanone (31)

Compound 26b (275 mg, 0.71 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 4-methoxyphenylboronic acid (130 mg, 0.85 mmol).
Column chromatography (silica gel, heptane/EtOAc 6:4) afforded 133 mg (51 %) of the title
compound as a colorless oil. 1H NMR (300 MHz, CDCl3): δ = 6.94–6.85 (m, 4 H), 6.76 (dt,
J =4.8 Hz, 2.8 Hz, 2 H), 4.49 (t, J =9.3 Hz, 1H), 4.08 (d, J =8.7 Hz, 1 H), 3.73–3.61 (m, 2
H), 3.33 (s, 2 H), 2.83 (d, J =13.5 Hz, 1 H), 2.78 (d, J =13.5 Hz, 1 H), 1.75–1.44 (m, 6 H),
1.33 (s, 3H); 13C NMR (500 MHz, CDCl3): δ = 170.66 (C=O), 159.87 (C), 158.73 (C),
136.99 (C), 136.68 (C), 131.70 (C), 129.70 (CH), 123.89 (CH), 119.46 (CH), 113.76 (CH),
108.53 (CH), 82.69 (CH2), 55.60 (CH3), 46.68 (C), 46.10 (CH2), 25.02 (CH2), 24.91 (CH3);
HRMS (ES +) calcd for C23H27NO3 [M+H]+ m/z: 366.2069, found: 336.2075.

[3-Methyl-3-(4-pyridylmethyl)-2,3-dihydrobenzofuran-6-yl]-(1-piperidyl)methanone (32)

Compound 26 b (528 mg, 1.37 mmol) was submitted to the same procedure described above
for the preparation of 11 a using 4-pyridineboronic acid (201 mg, 1.64 mmol). Column
chromatography (silica gel, CH2Cl2/EtOH 9:1) afforded 133 mg (15%) of the title
compound as an off-white solid; mp: 115°C; 1H NMR (300 MHz, CDCl3): δ = 8.45 (d, J =
5.0 Hz, 2 H), 6.99–6.83 (m, 5 H), 6.75 (s, 1H), 4.47 (d, J =8.9 Hz, 1H), 4.12 (d, J =8.9 Hz,
1H), 3.69 (br s, 2H), 3.33 (br s, 2H), 22.89 (d, J =13.1 Hz, 1 H), 2.86 (d, J =13.1 Hz, 1 H),
1.52–1.68 (m, 6 H), 1.40 (s, 3H); 13C NMR (500 MHz, CDCl3): δ=170.09 (C=O), 159.61
(C), 149.56 (CH), 146.29 (C), 137.37 (C), 135.21 (C), 125.73 (CH), 123.48 (CH), 119.41
(CH), 108.62 (CH), 82.30 (CH2), 46.19 (C), 46.14 (CH2), 24.76 (CH2), 24.58 (CH3); HRMS
(ES +) calcd for C21H24N2O2 [M+H]+ m/z: 337.1916, found: 337.1902.

(S)-3-Benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid piperidine amide (33) and
(R)-3-benzyl-3-methyl-2,3-dihydrobenzofuran-6-carboxylic acid piperidine amide (34)

Optimal analytical conditions for separation of the two enantiomers from racemic mixture
18 were determined using the following conditions: CYCLOBOND DMP column (Supelco
Cat. No. 20724AST) 25 cm × 4.6 mm i.d., 5 μm, mobile phase: CH3CN/AcOH/TEA
100:0.01:0.05, T =10°C, flow rate: 0.3 mL min−1, detection: UV (λ=288 nm), injection
volume: 10 μL, sample: 4.0 mg mL−1 of compound 18 in solution (CH3CN/AcOH/TEA
100:0.01:0.05); tR for compound 33: 15.73 min; tR for compound 34: 16.63 min.
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A loading study revealed that up to 40 μg (10 μL of a 4.0 mgmL−1 solution in CH3CN/
AcOH/TEA 100:0.01:0.05) could be loaded on an analytical CYCLOBOND DMP column
while maintaining good resolution and selectivity. After translation of analytical loading
conditions to the preparative scale, optimal conditions were obtained with the following
parameters: CYCLOBOND DMP column (Supelco Cat. No. 20744AST) 25 cm × 21.2 mm
i.d., 5 μm, mobile phase: CH3CN/AcOH/TEA 100:0.01:0.05, T = 10 °C, flow rate: 6.4 mL
min−1, detection: UV (λ=288 nm), injection volume: 80 μL, sample: 4.0 mg mL−1 of
compound 18 in a solution of CH3CN/AcOH/TEA 100:0.01:0.05. Fractions for compounds
33 and 34 were collected separately. Fractions for each peak were concentrated to dryness
by rotary evaporation at 40°C under vacuum. Fractions were then resuspended in CH3CN
and re-concentrated (3× in 25 mL CH3CN) to remove residual moisture. Hexane was added
to each flask to precipitate each enantiomer in the form of an off-white solid. The solid off-
white powder resulting from each peak was scraped from the round-bottom flask, transferred
to a vial, and left to air-dry overnight on a hot plate at low heat (30 °C) to remove residual
solvent. An enantiomeric purity analysis was then performed on each final product.
Enantiomeric purity of compound 33 fell within acceptable limits (>95% ee); however, this
was not the case with compound 34. To ensure that sufficient material from compound 34

was produced, separation of additional racemic compound was re-initiated. The fractions
from peak 2 were then collected, and sample recovery steps 2 and 3 were repeated. Because
separations thus far produced peaks outside the acceptable limits of enantiomeric purity, the
semi-pure compound 34 was re-purified on the preparatory system to remove residual
compound 33 impurities. Sample recovery steps 2–4 were then repeated to obtain material
with acceptable enantiomeric purity. Approximately 750 mg of racemic material was
processed. Purity analysis indicated that the final solid material of compound 33 (tR = 16.84
min) has an enantiomeric purity of 97.3 % while the final solid material of compound 34 (tR
= 18.38 min) has an enantiomeric purity of 97.5 %. A total of 109.4 mg of compound 33

was recovered; a total of 112.5 mg of compound 34 was recovered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structures of CB2-selective modulators 1–6, a nonselective CB agonist 7, and a CB1-
selective antagonist 8: 1 (AM1241),[105] 2 (A-796260),[106] 3 (GW842166X),[30] 4
(CRA13),[40] 5 (MDA19),[42] 6 (A-83633),[43] 7 (CP55,940),[107] 8 (AM251).[108]
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Figure 2.

Comparison of the 3,3-disubstituted-2,3-dihydro-1-benzofuran scaffold with the isatin
scaffold.
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Figure 3.

Compound 33 with atom labeling shown.
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Figure 4.

A) CB2 complexed with compound 33 (yellow carbon atoms). Transmembrane regions
(TM) are shown as white ribbons; the image was prepared using PyMOL
(http://www.pymol.org). B) A putative hydrogen bond between S3.31 and compound 33

(yellow carbon atoms) is represented as red dashes. The aromatic pocket is enclosed by
residues F5.46 and W6.48 (green carbon atoms).
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Figure 5.

Effects of A) compound 1 and B) compound 19 administered by intraperitoneal injection on
tactile allodynia in a paclitaxel-induced neuropathic pain model in rats (n =5–6 per group).
C) Compound 19 dose-dependently attenuated tactile allodynia in this model, as evidenced
by an increase in the percent MPE withdrawal threshold area under the curve (AUC); P
<0.05 between the vehicle (V) and compound 19 at 15 mg kg−1 (ANOVA followed by
Tukey–Kramer test for multiple group comparison). Compound 1 did not affect the paw
withdrawal threshold. The effects of compound 1, a CB2 ligand,[103] at 1, 3, and 5 mg kg−1

were not significantly different from the effects induced by the vehicle.
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Scheme 1.

Reagents and conditions: a) K2CO3, methyl ethyl ketone, 3-bromo-2-methylpropene; b)
K2CO3, [Pd(OAc)2], nBu4NCl, DMF, PhB(OH)2; c) NaOH, EtOH, THF, H2O; d) HATU,
DiPEA, DMF, CH2Cl2, 2-iodoaniline for 13 or cyclohexylamine for 14 or piperidine for 15.
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Scheme 2.

Reagents and conditions: a) K2CO3, methyl ethyl ketone, 3-bromo-2-methylpropene; b)
K2CO3, [Pd(OAc)2], nBu4NCl, DMF, PhB(OH)2 for 11 b or 1-penten-1-ylboronic acid for
11 c; c) NaOH, EtOH, THF, H2O; d) HATU, DiPEA, DMF, CH2Cl2, 2-iodoaniline for 16 or
cyclohexylamine for 17 and 20 or piperidine for 18 and 19 or neopentylamine for 21 or
morpholine for 22 or N-tert-butylmethylamine for 23 or 4-(aminomethyl)tetrahydropyran for
24.
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Scheme 3.

Reagents and conditions: a) NaOH, EtOH, THF, H2O; b) HATU, DiPEA, DMF, CH2Cl2,
cyclohexylamine for 26 a or piperidine for 26 b; c) K2CO3, [Pd(OAc)2], nBu4NCl, DMF, 1-
naphthylboronic acid for 27 and 28 or 2-naphthylboronic acid for 29 or 4-
chlorophenylboronic acid for 30 or 4-methoxyboronic acid for 31 or 4-pyridylboronic acid
for 32.
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Table 2

Radioligand competitive binding assay data.

Ligand

Ki [nm][a]

hCB1 hCB2

18 >10 000 422 ± 123

19 ND[b] 83.6 ± 23.8

20 >1000 >1000

29 430 ± 39 490 ± 45

30 ND 123 ± 16.5

7 3.4 1.8 ± 1.1

8 1.16 ± 0.01 ND

[a]
Values represent the mean ±SEM.

[b]
ND = not determined.
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Table 3

ADMET profile for compound 18.

Parameter Value

Aqueous solubility (PBS, pH 7.4) at 2.0 × 10−4 m: 31.8 ± 1.8 μm

Protein bound (human): 82.8 ± 11.1 %

Protein recovery (human): 95.6 ± 13.6 %

A–B permeability (TC7, pH 6.5/7.4) [10−6 cm s−1]: 52.2 ± 1.7

A–B permeability (% recovery): 63.5 ± 6.5 %

B–A permeability (TC7, pH 6.5/7.4) [10−6 cm s−1]: 16.2 ± 0.2

B–A permeability (% recovery): 85.5 ± 0.5 %

Ames test (strain TA98): <0

Ames test (strain TA98 +S9): <0

K+ channel hERG automated patch-clamp (cardiac toxicity): inactive at 1 μm
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