1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur J Med Chem. Author manuscript; available in PMC 2017 October 04.

Published in final edited form as:
Eur J Med Chem. 2016 October 4; 121: 517-529. doi:10.1016/j.ejmech.2016.05.044.

-, HHS Public Access
«

Synthesis and Biological Evaluation of Indole-2-carboxamides
Bearing Photoactivatable Functionalities as Novel Allosteric
Modulators for the Cannabinoid CB1 Receptor

Chang-Jiang Qiaol:3, Hamed I. Alil, Kwang H. Ahn2, Srikanth Kollurul, Debra A. Kendall2",
and Dai Lul”

Lrma Lerma Rangel College of Pharmacy, Health Science Center, Texas A&M University, 1010
West Avenue B, Kingsville, Texas 78363, United States

2Department of Pharmaceutical Sciences, University of Connecticut, Storrs, Connecticut 06269,
United States

3School of Pharmaceutical Engineering, Shenyang Pharmaceutical University, 103 Wenhua
Road, Shenyang 110016, China

Abstract

5-Chloro-3-ethyl- N-(4-(piperidin-1-yl)phenethyl)-1 A-indole-2-carboxamide (ORG27569, 1) is a
prototypical allosteric modulator for the cannabinoid CB1 receptor. Based on this indole-2-
carboxamide scaffold, we designed and synthesized novel CB1 allosteric modulators that possess
photoactivatable functionalities, which include benzophenone, phenyl azide, aliphatic azide and
phenyltrifluoromethyldiazrine. To assess their allosteric effects, the dissociation constant (Kg) and
allosteric binding cooperativity factor () were determined and compared to their parent
compounds. Within this series, benzophenone-containing compounds 26 and 27, phenylazide-
containing compound 28, and the aliphatic azide containing compound 36b showed allosteric
binding parameters (Kg and a) comparable to their parent compound 1, 7, 8, and 9, respectively.
We further assessed these modulators for their impact on G-protein coupling activity. Interestingly,
these compounds exhibited negative allosteric modulator properties in a manner similar to their
parent compounds, which antagonize agonist-induced G-protein coupling. These novel CB1
allosteric modulators, possessing photoactivatable functionalities, provide valuable tools for future
photo-affinity labeling and mapping the CB1 allosteric binding site(s).
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Introduction

The cannabinoid CB1 receptor is a G-protein coupled receptor (GPCR) within the
endocannabinoid system and the most abundant GPCR in the brain [1]. The CB1 receptor is
also widely expressed in peripheral tissues and organs [2]. In line with its distribution
pattern, the CB1 receptor is involved in regulation of a variety of physiological functions
that include neuronal development, food intake and energy balance, perception, immune
modulation, cell apoptosis, cardiovascular and reproductive functions [3-6]. Therefore, the
CB1 receptor has been proposed to be a potential therapeutic target for ameliorating a
number of pathological conditions such as obesity, pain and cardiovascular diseases [5, 6].

Traditionally, drug discovery, targeting the CB1 receptor, has focused on agonists and
inverse agonists/antagonists that bind to the orthosteric ligand binding site where the
endogenous ligands of cannabinoid receptors bind [7]. To date, two drugs developed from
the class of CB1 agonists, Marinol® and Cesamet®, have been approved by FDA for the
management of nausea and vomiting associated with cancer chemotherapy [8]. Additionally,
an inverse agonist of the CB1 receptor, rimonabant, was marketed in Europe as an anorectic
anti-obesity drug for a short period of time and later was withdrawn from clinical usage due
to psychiatric side effects [9]. Recently, several small molecules have been identified as
allosteric modulators of the CBL1 receptor; these include ORG27569 (1) [10], PSNCBAM-1
(2) [11], RTI-371(3) [12], lipoxin A4 (4) [13], ZCZ011 (5) [14] and pepcan-12 (6) [15],
whose structures are shown in Figure 1. The identification of these ligands implicates the
existence of allosteric site(s) on the CB1 receptor and offers new opportunities for discovery
of innovative and safer therapies by targeting the allosteric site(s), which are topographically
distinct from orthosteric site(s).

Molecules targeting allosteric sites on GPCRs provide several advantages over molecules
targeting orthosteric sites; these include greater receptor-subtype selectivity and a lower
tendency towards target-based side effects, which are primarily due to: 1) the greater
structure divergence in allosteric sites across receptor subtypes relative to the more
conserved orthosteric sites; 2) the ceiling effects of receptor allosteric modulation [16, 17].
However, rational design of allosteric modulators is often hampered by a lack of structural
information of the allosteric site. In the absence of a crystal structure of the receptor, an
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alternative approach is to identify the ligand binding domain by using a methodology that
involves labeling the receptor with photoaffinity ligands followed by mass spectrometry-
based proteomic studies [18]. This methodology has been successfully applied to the
identification of the allosteric binding sites of nicotinic acetylcholine receptors (nAChRs)
[19, 20], M1 muscarinic acetylcholine receptor [21], dopamine D5 receptors [22], GABAA
receptor [23], and allosteric binding sites of other proteins [24-26]. Notably, the orthosteric
binding domains of cannabinoid CB1 and CB2 receptors have been investigated using
similar methodology [27, 28].

The indole-2-carboxamide 1 is the first and a prototypical allosteric modulator for the CB1
receptor [10]. It enhances specific binding of the CB1 agonist [?H]CP55,940 and activates
the ERK1/2 pathway while it decreases the G; coupling activity [10, 29]. Thus, depending
on the signaling pathways under investigation, compound 1 can behave either as a positive
CB1 allosteric modulator [29] or a negative allosteric modulator [10, 30]. Following the
discovery of 1, several improved CB1 allosteric modulators have been identified from
optimization of the indole-2-carboxamide scaffold [31-35]. However, the investigation of
the precise location and the structure of their binding sites is still in its early stage [36-38].
On the other hand, the therapeutic potential of CB1 allosteric modulators is emerging. For
instance: 1 was demonstrated as effective as a CB1 inverse agonist that inhibits
reinstatement of drug-seeking behavior [39]; 2 was shown to have plausible acute
hypophagic effects [11]; 4 was found to reduce p-amyloid-provoked neurotoxicity [13]. The
positive CB1 allosteric modulator 5 was shown to generate antinociceptive effects without
psychoactive effects [14]. Thus, identification of the binding motif of CB1 allosteric
modulators and mapping the 3D structure of the CB1 allosteric sites are of great value for
rational design of novel, more selective and potent CB1 allosteric modulators. To facilitate
future proteomic study of allosteric sites on the CB1 receptor, we designed and synthesized
several photoactivatable affinity ligands based on 1 and several other robust CB1 allosteric
modulators (i.e. 7-9, Figure 2) reported previously [31-33]. Compounds 7 [31], 8 [33] and 9
[32, 35] have been demonstrated to have either comparable or improved allosteric effects to
1 [31-33]. Therefore, they were selected along with 1 as the parent compounds to introduce
photoactivatable functionalities. Reasonable binding affinity, similar pharmacological
properties to the parent compounds and sufficient photo-crosslinking efficiency of
photoactivatable allosteric modulators can warrant selective and effective labeling of the
allosteric binding sites.

Generally, synthesis of photoaffinity ligands requires the introduction of photoactivatable
functionalities (photophores) such as aryl or aliphatic azide, aryl or aliphatic diazirine, and
benzophenone or other biaryl ketone derivatives into the parent molecules [40, 41]. Upon
UV irradiation, these photophores can produce highly reactive species (Figure 3) that
include: C-O diradical (a) derived from benzophenone (A), ketenimine azepine (b) derived
from aryl azide (B), imine (c) derived from aliphatic azide (C) and carbene (d) derived from
diazirine (D) [40-42]. Ligands producing these reactive species can form irreversible
covalent bonding between the reversibly-bounded ligands and the amino acids within the
ligand-binding site [40, 42].
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Among these photophores, benzophenone (BP) is known for highly efficient photoaffinity
labeling of macromolecules because of its three distinct features: 1) BP is chemically more
stable than other photophores; 2) it can be handled in an ambient light environment and
activated at ultraviolet wavelengths (350-360 nm) that avoid protein damage; 3) upon UV
irradiation, BP can preferentially react with unreactive C-H bonds of macromolecules, even
in the presence of solvent water and bulk nucleophiles [42, 43]. Notably, the
photoactivatable BP not only has a preference to label the carbon atom at the a.-position of
amino acids but also has higher cross-linking efficiency (often greater than 70%) than
phenyltrifluoromethyldiazirine (PTFMD) and phenyl azide; both commonly exhibit cross-
linking efficiency less than 30% [40]. In comparison with BP, PTFMD and phenyl azide
(PAZ) can label NH5 and OH in addition to carbon atoms on amino acids [40, 42]. These
two photophores generally have less steric bulk than BP and may result in more accurate
representation of the parent ligands in binding to the receptor [21].

Earlier studies of the structure-activity relationship (SAR) of indole-2-carboxamides
revealed that the substitution on the phenyl group of 1 can be structurally varied without
significant reduction in allosteric modulatory activity [32-35]. Therefore, benzoyl, azido,
and trifluoromethyldiazirinyl (TFMD) groups were respectively employed to replace the C4-
substituents on the phenyl ring of compounds 1 7, 8 and 9 to introduce photoactivatable
functionalities (i.e., benzophenone, phenyl azide, and phenyltrifluoromethyl diazirine). The
phenyl ring of their parent molecules was utilized as a part of the photoactivatable
functionalities. These modifications created photoactivatable compounds 26-29 (Table 1).

Compared to the three aryl photophores described above, the aliphatic azide moiety is less
frequently used in developing photoactivatable ligands. However, successful cross-linking of
aliphatic-azide-containing ligands with the CB1 receptor have been reported [44, 45]. To
explore the possibility of developing photoactivatable ligands that bear two different
photophores, we hypothesized that an aliphatic azido group at the C3-position of the parent
indole-2-carboxamides might enable receptor binding and probably function as another
photophore. This is supported by previous reports [44, 45] and prompted our synthesis of
aliphatic-azide-containing compounds 36a-36¢ (Table 2).

Chemistry

The designed photoactivatable ligands were synthesized according to the procedures
described in Schemes 1, 2 and 3. The synthesis started from preparation of the required C2-
photophore-substituted ethanamines 12, 16, and 22 as illustrated by Scheme 1 (i.e. route a, &
and crespectively).

The benzophenone-substituted ethanamine 12 was synthesized using the methods depicted
in Scheme 1 (&) with slight modification from a reported protocol in the purification process
[46]. Briefly, Friedel-Crafts benzoylation of the commercially available A+
phenethylacetamide 10 in nitrobenzene provided the benzophenone-substituted ethylenyl
acetamide 11 and, subsequently was purified by chromatography upon complete removal of
nitrobenzene through steam distillation. Hydrolysis of 11 in concentrated hydrochloric acid
yielded the benzophenone-substituted ethanamine 12.
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To prepare the p-azidophenyl-substituted ethanamine 16, the commercially available 2-(4-
bromophenyl)ethylamine 13 was firstly treated with di-fertbutyl dicarbonate to give its Boc-
protected analogue 14. The conversion of its bromo group to an azido moiety was achieved
by a Cul/diamine-catalyzed reaction and yielded 4-azidophenethylcarbamate 15 [47].
Subsequent acidic treatment of the 4-azidophenethylcarbamate 15 yielded 4-
azidophenylethanamine 16.

To obtain the desired phenyltrifluoromethyldiazrine-substitued ethanamine 22, the bromo
group of 14 was converted to a trifluoroacetyl group (17) by reacting with ethyl 2,2,2-
trifluoroacetate in the presence of KH and #BulL.i. To construct the diazrine ring, compound
17 was transformed to the tosyloxime 19 in two steps by following a protocol described
earlier [48]. Treating tosyloxime 19 with liquid ammonia in a pressure tube at 30 °C
generated the trifluoromethyl diaziridine 20, which was then oxidized by MnO, to produce
(trifluoromethyl)diaziridinylphenethylcarbamate 21. Subsequent removal of the Boc-
protective group yielded the desired phenyltrifluoromethyldiazrine-substituted ethanamine
22. It was reported that diazrines can be directly obtained by treating tosyloximes with liquid
ammonia above 50 °C [49]. However, our attempt to obtain 21 directly from tosyloxime 19
by reacting with liquid ammonia at a temperature above 50 °C failed to deliver the desired
product because of the substantial pressure built up by gaseous ammonia in the sealed
reaction vessel.

The obtained photophore-bearing ethanamines 12, 16 and 22 were then employed in the
synthesis of corresponding indole-2-carboxamides 2629 through the methods (Scheme 2)
as we described earlier[32]. The required indole-2-carboxylic acids 23—-25 were prepared
according to our previous report [33].

We envisioned that placing photoactivatable moieties at different positions on the indole-2-
carboxamide scaffold could enhance the chances to map out the 3D structure of the allosteric
binding site. This can be achieved either by individual labeling of amino acids located at
different places in the binding site or through cross-linking by dual-photophore containing
ligands. This led us to synthesize the C3-aliphatic azide analogue 36a-36¢, of which 36c¢ is a
compound bearing two different photophores (i.e. aliphatic azide and benzophenone). The
aliphatic-azide containing compounds were synthesized through the methods illustrated in
Scheme 3. To introduce the azide group on the C3 alkyl group of indole-2-carboxamides, a
formyl group was introduced at C3 under the Vilsmeier—Haack condition to generate the
intermediate 31. Reduction of its formyl group with sodium borohydride led to the C3-
hydroxymethyl indole-2-carboxylate 32. Upon hydrolysis of its ester group in aqueous
NaOH solution, the key building block C3-hydroxymethyl indole-2-carboxylic acid 33 was
obtained. Coupling the commercially available amines 34a, 34b and benzophenone-
substituted ethylamine 12 individually with the indole-2-carboxylic acid 33 provided the C3-
hydroxymethyl indole-2-carboxamides 35a-35c in yields ranging from 18-42%. Conversion
of their hydroxyl group to an azido group by reacting with diphenyl phosphorazidate
(DPPA) in the presence of DBU produced the desired 3-azidomethyl-carboxamide analogues
(36a-36¢) in yields ranging from 26 to 37%.
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Results and Discussion

The synthesized photoactivatable indole-2-carboxamides (26-29 and 36a-36c) were
evaluated for their CB1 allosteric properties. The allosteric modulatory effects were first
assessed by their impact on the binding of the orthosteric agonist CP55,940. The binding
affinities of 26—29 and 36a—c towards the allosteric site were quantified by their equilibrium
dissociation constant Kg which was determined according to the protocols reported earlier
[29]. Their binding cooperativity factor, a, was analyzed according to the allosteric ternary
complex model [10]. The data are presented in Tables 1 and 2 and referenced to their
corresponding parent compounds 1 and 7-9, respectively.

In comparison with their parent compounds 1 and 7, the results of 26 and 27 showed that
introducing the photophore benzophenone at the 4-position of the phenyl ring of the
indole-2-carboxamide scaffold maintained the binding to the CB1 receptor and the allosteric
effect on orthosteric ligand binding (Table 1). This suggested that using the phenyl ring of
the parent compounds as part of the photophore structure (i.e., benzophenone) is an
acceptable approach. The compound 8 has the highest binding affinity to the CB1 receptor in
our earlier series of indole-2-carboxamide analogues [32, 33]. To introduce phenyl azide and
PTFMD photophores into the indole-2-carboxamide scaffold, we selected compound 8 as
the parent molecule because the three nitrogen atoms of azide forms a linear structure [50]
and the diazrine is a cyclic moiety. These conformation-restricted moieties might cause
steric interference when the ligands bearing these photophores interact with the CB1
allosteric site. In earlier SAR studies, it was also found that cyclic substituents on the 4-
position of the pheny! ring of this scaffold was not as tolerated as acyclic substituents [32—
34]. The results of 28 and 29 showed that azido and TFMD moieties located at the 4-
position of the phenyl ring indeed reduced the binding capacity of the ligands to the
allosteric site of CB1 receptor. However, although the azido-containing analogue 28
exhibited a reduced binding capacity to the CB1 receptor in comparison with its parent
compound 8, it still showed a binding affinity similar to the prototypical allosteric modulator
1 with an enhanced binding cooperative factor (a=14.7). This result suggests that compound
28 is still a viable allosteric modulator of the CB1 receptor. In this work, benzophenone and
phenyl azide were found to be acceptable photophores for incorporation into the indole-2-
carboxamide scaffold.

Introducing aliphatic azide at the C3-position of parent compounds 1 and 9 led to
photoactivatable ligands 36a and 36b, respectively (Table 2). When the piperidinylphenyl is
present, introduction of aliphatic azide (36a) resulted in a significant reduction of binding
affinity while its cooperativity factor a was increased. Interestingly, compound 36b showed
binding affinity comparable to its parent molecule 9, while its cooperativity factor a was
reduced. The results of 36a and 36b suggested that aliphatic azide can be introduced onto
the C3 alkyl chain of the indole-2-carboxamides. The binding affinity and allosteric
modulatory effects of resultant compounds depend on the C4-substitution of the phenyl ring
(R2). Moving forward, simultaneous introduction of aliphatic azide and benzophenone into
indole-2-carboxamide yielded the compound 36¢ whose binding affinity (Kg) and allosteric
effects on orthosteric ligand binding (a) were remarkably reduced. This probably resulted
from the synergistic effects of the two conformation-restricted photophores onto the
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molecule such that the flexibility and the ligand conformation were limited. Consequently,
the ligand could not adopt the proper conformation for binding to the allosteric site. Further
investigation of this strategy of introducing two different photophores into indole-2-
carboxamide derived CB1 allosteric modulators is required.

Given the allosteric binding parameters of the active compounds 26-28 and 36b, we further
assessed these photoactivatable modulators for their impact on G-protein coupling activity
using stimulation of GTP-yS binding as an indicator. Similarly to their parent compounds,
GTP-yS binding data (Figure 4 and Table 3) indicated that these compounds antagonized the
CB1 agonist CP55,940-induced G protein coupling in a concentration-dependent manner
with a complete inhibition at 10 uM. The results demonstrated that these novel CB1
allosteric modulators behaved similarly to their parent compounds in terms of influencing
the function of the CB1 receptor at the level of G-protein coupling. Interestingly, an analog
of ORG27569 bearing an isocyanato group was recently reported with potent allosteric
modulation of CB1 function and was predicted by computational simulation to be able to
covalently label a cysteine residue (Cys382) on the CB1 receptor [51, 52]. This work
supports the value of using covalent probes to identify the allosteric site. In contrast, our
photoactivatable ligands can provide more specificity upon binding to the allosteric site
reversibly and then be activated by UV irradiation to form covalent bonds with the amino
acids within their binding site.

Our work provides evidence that introducing photoactivatable functionalities into the
indole-2-carboxamide scaffold is feasible. The CB1 allosteric modulators bearing
photoactivatable benzophenone (i.e. 26), phenyl azide (i.e. 28) and aliphatic azide (i.e. 36b)
can interact with the CB1 allosteric site as the prototypical CB1 allosteric modulators do
without significant alternation of their properties. Given that aliphatic azide has been found
with low cross-linking efficiency (<3-7%) [40], the benzophenone and phenyl azide
containing ligands 26 and 28 are more attractive for future application in photolabeling the
allosteric site of CB1 receptor. Additionally, we found that all synthesized allosteric
modulators bearing photoactivatable functionalities are stable at room temperature storage
for at least 6 months.

Conclusion

In this work, we report the development of novel allosteric modulators possessing
photoactivatable functionalities for the cannabinoid CB1 receptor. Four photoactivatable
analogues of the CB1 allosteric modulator 1 were synthesized through incorporation of
different photophores. Binding and functional assays for these ligands indicated that they
preserved the pharmacological properties of the prototypical allosteric modulator 1 and have
sufficient activity to warrant future development of radioactive and photoactivatable CB1
allosteric modulators. Obtaining such compounds will assist future proteomic investigation
of the CB1 allosteric site. This will inform the key amino acids and architecture in the
binding motif for allosteric modulators to the CB1 receptor. Obtaining structural information
about the allosteric site will propel the structure-based rational design and development of
novel CB1 allosteric modulators, which hold great promise in treating disease conditions
that can be modified by altering CB1 activity.
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Experimental Section

Pharmacology

Chemistry

CB1 Expression and Membrane Preparation—HEK 293 cells were transiently
transfected by the calcium phosphate precipitation method. [53] The cells were harvested 24
hours post transfection and washed with phosphate buffered saline (PBS). The cells were re-
suspended in PBS containing protease inhibitor cocktail ((4-2-aminoethyl) benzene-sulfonyl
fluoride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin) (Sigma-Aldrich, St. Louis,
MO) and lysed by nitrogen cavitation at 750 psi for 5 min using a Parr cell disruption bomb.
The lysate was clarified by centrifugation at 500 g for 10 min at 4°C, and the supernatant
was subsequently spun at 100,000 g for 45 min at 4°C. The membrane-containing pellet was
resuspended in TME buffer (25 mM Tris-HCI, 5 mM MgCl,, and 1 mM EDTA, pH 7.4)
containing 7% wi/v sucrose.

Radioligand Binding Assay—Ligand binding assays were performed as previously
described to determine the cooperativity between the orthosteric and allosteric ligands.[29]
Briefly, 4 ug of membrane preparation was incubated for 60 min with a fixed concentration
of tracer [3H]CP55940 (141 Ci/mmol, PerkinElmer Life Sciences (Boston, MA)) typically at
its Ky which was determined from a saturation binding isotherm in TME buffer containing
0.1% fatty acid-free BSA. Nonspecific binding was determined in the presence of unlabeled
1 uM CP55,940. The reaction was terminated by rapid filtration with a Brandell cell
harvester through Whatman GF/C filter paper and radioactivity was measured.

GTPyS Binding Assay—GTPyS binding assays were performed as described previously
[29]. Briefly, 6 pg of membranes were incubated for 60 min at 30°C in GTP+yS binding
assay buffer (50 mM Tris-HCI, pH 7.4, 3 mM MgCl,, 0.2 mM EGTA, and 100 mM NacCl)
with unlabeled CP55,940 (at least nine different concentrations were used ranging between
100 pM and 1yM), 0.1 nM [3°S]GTP+S (1250 Ci/mmol; PerkinElmer Life Sciences,
Boston, MA), 10 uM GDP (Sigma, St. Louis, MO), and 0.1% (w/v) BSA in the absence and
presence of varying concentrations of the test compounds as indicated. Non-specific binding
was determined with 10 uM unlabeled GTP-yS (Sigma, St. Louis, MO). The reaction was
terminated by rapid filtration through Whatman GF/C filters and the trapped radioactivity
determined.

Ligand and GTP+yS Binding Data Analysis—Data are presented as the mean + S.E. or
the mean with the corresponding 95% confidence limits from at least three independent
experiments each done in duplicate. To assess the level of CB1-mediated GTP-yS binding,
the level of GTP+yS binding of mock-transfected samples (non-CB1 mediated) was
subtracted from each data point. [3H]CP55,940 binding and agonist-induced GTP+yS binding
were analyzed by nonlinear regression using Prism 6.0 (Graphpad Software Inc., San Diego,
CA) as previously described. [29]

All chemical reagents and solvents were purchased from Sigma-Aldrich Chemical Co.,
unless specified otherwise, and used without further purification. All anhydrous reactions
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were performed under a static argon atmosphere in dried glassware using anhydrous
solvents. Organic phases in the work up were dried over anhydrous Na,SOy4, and removed
by evaporation under reduced pressure. The crude compounds were purified by a
Combiflash Rfchromatography system (Teledyne Technologies, Inc, Thousand Oaks, CA)
unless specified otherwise. Purities of the intermediates were established by thin-layer
chromatography (TLC), melting point, 1TH NMR, and mass spectrometry. Analytical Thin-
layer Chromatography (TLC) was run on pre-coated silica gel TLC aluminum plates
(Whatman®, UVs4, layer thickness 250 pm), and the chromatograms were visualized under
ultraviolet (UV) light. Melting points were determined on a capillary Electrothermal®
melting point apparatus and are uncorrected. 'H NMR spectra of intermediates and 13C
NMR of final compounds were recorded on a Bruker Avance DPX-300 spectrometer
operating at 300 MHz. IH NMR spectra of the final compounds were also recorded on a
Bruker AV-500 spectrometer operating at 500 MHz. All NMR spectra were recorded using
chloroform-d or DMSO-aj as solvent unless otherwise stated and chemical shifts are
reported in ppm (parts per million) relative to tetramethylsilane (TMS) as an internal
standard. Multiplicities are indicated as br (broadened), s (singlet), d (doublet), t (triplet), g
(quartet), m (multiplet), and bs (broadened singlet), and coupling constants (J) are reported
in hertz (Hz). High resolution mass spectra were performed at the School of Chemical
Sciences, University of Illinois at Urbana-Champaign. The purity of each tested compound
was analyzed by combustion elemental analysis performed in Roberson Microlit laboratories
(Madison, NJ). Analyses indicated by the symbols of the elements were within £0.4%. The
purity of final compounds were determined to be greater than 95% by elemental analyses (C,
H, N).

Preparation of N-(4-benzoylphenethyl)acetamide (11)—The mixture of benzoyl
chloride (4.64 g, 33.0 mmole) and A-phenethylacetamide (10; 4.9 g, 30 mmole) in 5 ml of
dry nitrobenzene was added anhydrous aluminum chloride (6.0 g, 45 mmole) in small
portions with stirring at 0°C. The reaction mixture was subsequently heated at 50 °C for 8 h,
and then poured into concentrated hydrochloric acid mixed with ice. The nitrobenzene was
completely removed by steam distillation. The resulted residue was cooled and extracted
with ethyl acetate. The combined organic extracts were washed with 10% sodium hydroxide
aqueous solution, water and brine, and dried over anhydrous sodium sulfate. Filtration and
concentration gave the crude product, which was purified by Combiflash chromatography
(10% methanol in ethyl acetate) to afford 3.64 g (41%) of light-yellow oil product. 1H NMR
(500 MHz, chloroform-d): & 7.82-7.76 (m, 4H), 7.60 (td, /= 7.5, 1.2 Hz, 1H), 7.50 (t, J=
7.5 Hz, 2H), 7.32 (d, J= 7.9 Hz, 2H), 5.51 (s, 1H), 3.57 (q, /= 7.0 Hz, 2H), 2.93 (t, /= 7.0
Hz, 2H), 1.97 (s, 3H).

(4-(2-Aminoethyl)phenyl)(phenyl)methanone (12)—The mixture of N-(4-
benzoylphenethyl)acetamide (11; 2.0 g, 7.5 mmole), ethanol (10 mL) and concentrated HCI
(10 mL) was stirred under reflux for 4 h. After cooling to room temperature, the reaction
mixture was poured into water, then basified with sodium hydroxide aqueous solution and
extracted with diethyl ether. The organic layer was separated and extracted several times
with 10% HCI. The acidic aqueous extracts were combined and washed with ether, basified
with dilute sodium hydroxide and extracted with diethyl ether. The ethereal extracts were
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combined, washed with water and brine, dried over sodium sulfate, and evaporated in vacuo
to afford 1.38 g (82%) of oily product. *H NMR (500 MHz, chloroform-d): & 7.76 (d, J=
8.9 Hz, 2H), 7.58 (d, J= 7.6 Hz, 2H), 7.53-7.42 (m, 3H), 7.34 (d, J= 7.6 Hz, 2H), 3.51 (q, J
= 6.5 Hz, 2H), 3.04 (t, J= 6.5 Hz, 2H), 1.10 (br s, 2H). MS (EI): m/z=196.1 (M* -
CH»=NH).

tert-Butyl 4-bromophenethylcarbamate (14)—2-(4-Bromophenyl)-ethylamine (13,
10.0 g, 50 mmol) and NaOH (3.0 g, 75 mmol) were dissolved in the mixture of dioxane (150
mL) and H,O (150 mL). The reaction mixture was cooled to 0°C. The solution of di-zert
butyl dicarbonate (16.36 g, 75 mmol) in dioxane (72 mL) was added dropwise to the
reaction mixture, which was stirred at room temperature for 5.5 h. Dioxane was removed in
vacuo and the residue was extracted with ethyl acetate 3 times. The combined organic layer
was washed with water and brine, and then dried over anhydrous Na,SOy4. Filtration and
removal of solvent provided the crude product, which was purified by Combiflash
chromatography (5-10% of ethyl acetate in hexane). The title compound 5 (13.5 g, 90.0%)
was obtained as a white solid; mp 59-60 °C. 1H NMR (300 MHz, chloroform-ad): & = 7.42
(d, J=8.0 Hz, 2H), 7.07 (d, J= 8.0 Hz, 2H), 4.51 (br. s, 1H), 3.40-3.27 (m, 2H), 2.75 (t, J=
6.9 Hz, 2H), 1.43 (s, 9H). MS (EI): m/z=300.1 (M*+H).

tert-Butyl 4-azidophenethylcarbamate (15)—fert-4-Bromophenethylcarbamate (14,
2.0 g, 6.6 mmol), NaN3 (1.716 g, 26.4 mmol), sodium ascorbate (133 mg, 0.67 mmol) and
N, N -dimethylethylenediamine (232 mg, 2 mmol) in EtOH (14 mL) and water (6 mL) in a
pressure tube were degassed by bubbling argon flow into the reaction mixture for 10 min.
Cul (256 mg, 1.32 mmol) was added to the reaction mixture. It was heated at 100 °C for 12
h. The reaction mixture was then poured into 40 mL of water and extracted with ethyl
acetate 3 times. The combined organic layer was washed with water and brine, and dried
with anhydrous Nay,SO;. Filtration and concentration provided the crude product, which was
purified by Combiflash chromatography (0-10% of ethyl acetate in hexane) to yield the
product 15 as a light yellow solid (960 mg, 54.9%); mp 6061 °C. 1H NMR (300 MHz,
chloroform-a): 6 = 7.18 (d, J= 7.8 Hz, 2H), 6.97 (d, /= 7.8 Hz, 2H), 4.53 (br. s, 1H),
3.40-3.24 (m, 2H), 2.77 (t, J= 6.6 Hz, 2H), 1.43 (s, 9H). MS (El): m/z=263.2 (M*+H).

2-(4-Azidophenyl)ethanamine (16)—Trifluoroacetic acid (TFA, 0.35 mL, 4.57 mmol)
was added to the solution of fert-butyl-4-azidophenethylcarbamate (15, 200 mg, 0.762
mmol) in dichloromethane (3 mL) at 0 °C, and the reaction mixture was stirred at the same
temperature for 2 h. After TFA and dichloromethane were removed in vacuo, the reaction
mixture was added water (10 mL) and then basified with aqueous NaOH solution (2 N, 5
mL). The reaction mixture was stirred for 30 min at room temperature and then extracted
with ethyl acetate. The combined organic layer was washed with water, brine and dried over
anhydrous NaySQOy. Filtration and removal of solvent in vacuo gave product 7 (110 mg,
89%) as an oil. 'H NMR (300 MHz, chloroform-a): & = 7.19 (d, /= 8.2 Hz, 2H), 6.97 (d, J
=8.2 Hz, 2H), 2.95 (t, /= 6.9 Hz, 2H), 2.73 (t, /= 6.9 Hz, 2H). MS (El): m/z=163.1
(M*+H).
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tert-Butyl 4-(2,2,2-trifluoroacetyl)phenethylcarbamate (17)—tert-Butyl 4-
bromophenethylcarbamate 14 (3.0 g, 10 mmol) in anhydrous THF (5 mL) was added to the
suspension of KH (30% in mineral oil 1.5 g, 11mmol) in 50 mL anhydrous THF at 0 °C and
stirred for 1h under nitrogen atmosphere. The reaction mixture was cooled to —78 °C, then &
BuLi (1.7 M in heptanes, 14.7 mL, 25 mmol) was added dropwise. The reaction mixture was
stirred at =78 °C for 1 h and ethyl trifluoroacetate (6 mL, 50 mmol) was added dropwise and
stirred for 2h at same temperature. After the reaction mixture being warmed to room
temperature, saturated ammonium chloride aqueous solution was added and stirred for 30
min. The mixture was extracted with ethyl acetate 3 times. The combined organic layer was
washed with water and brine, and then dried over anhydrous Na,SOy. Filtration and removal
of solvent in vacuo gave the crude product, which was purified by Combiflash
chromatography (10-20% of ethyl acetate in hexane) to yield product 17 (1.1 g, 34.7%) as a
colorless amorphous solid. 1H NMR (300 MHz, chloroform-d): 6 = 8.02 (d, J= 8.1 Hz, 2H),
7.38 (d, J= 8.1 Hz, 2H), 4.57 (br. s, 1H), 3.46-3.38 (m, 2H), 2.91 (t, J= 6.9 Hz,2H), 1.43(s,
9H). MS (El): m/z=316.1 (M-H)".

tert-Butyl 4-(2,2,2-trifluoro-1-(hydroxyimino)ethyl)phenethylcarbamate (18)—
tert-Butyl 4-(2,2,2-trifluoroacetyl)phenethylcarbamate (17, 400 mg, 1.26 mmol) and
hydroxylamine hydrochloride (263 mg, 3.79 mmol) in pyridine (5 mL) were stirred at 80 °C
for 2 h. The pyridine was removed in vacuo. The resulted residue was partitioned between
water and diethyl ether. The aqueous layer was separated and extracted with diethyl ether 3
times. The combined organic layer was washed with HCI (1 N), water and brine, and dried
over anhydrous Na,SOy. Filtration and removal of solvent by evaporation in vacuo gave the
crude product, which was purified by Combiflash chromatography (10-20% of ethyl acetate
in hexane) to yield the product 9 (268 mg, 64%) as a white solid of a mixture of two
isomers; mp of mixture 134-136 °C. 1H NMR (300 MHz, chloroform-a): & = 9.70 (s, 0.4H),
9.19 (s, 0.2H), 7.45 (d, J= 7.8 Hz, 0.7H), 7.36 (d, /= 7.5 Hz, 1.3H), 7.28 (d, /= 7.8 Hz,
0.7H), 7.20 (d, J=7.5 Hz, 1.3H), 4.66 (br. s, 1H), 3.40 (br. s, 2H), 2.82 (br. s, 2H), 1.45 (s,
9H). MS (El): m/z=331.1 (M-H)".

tert-Butyl 4-(2,2,2-trifluoro-1-((tosyloxy)imino)ethyl)phenethylcarbamate (19)—
Triethylamine (0.57 mL, 4.06 mmol) and p-toluenesulfonyl chloride (515 mg, 2.7 mmol)
were added to the solution of fert-butyl 4-(2,2,2-trifluoro-1-
(hydroxyimino)ethyl)phenethylcarbamate (18, 450 mg, 1.35 mmol) in acetone (10 mL) at

0 °C. The reaction mixture was stirred at the same temperature for 1 h and allowed to warm
up to room temperature. Solvent was evaporated in vacuo, and the residue was partitioned
between water and ethyl acetate. The aqueous layer was extracted with ethyl acetate 3 times.
The combined organic layer was washed with water and brine, and dried over anhydrous
Na,SOy. Filtration and removal of solvent by evaporation in vacuo gave the crude product,
which was purified by Combiflash chromatography (10-20% of ethyl acetate in hexane) to
provide the product 19 in two fractions (650 mg, 98.7%). The first fraction (Rf = 0.52,
hexane/ethyl acetate = 2/1) provided a pure isomer as a white solid; mp 129-130 °C. 1H
NMR (300MHz, Chloroform-d): § =7.89 (d, J= 8.1 Hz, 2H), 7.42-7.27 (m, 6H), 4.59 (br. s,
1H), 3.46-3.32 (m, 2H), 2.85 (t, J= 6.9 Hz, 2H), 2.48 (s, 3H), 1.44 (s, 9H). The second
fraction gave a mixture of two isomers (Rf = 0.52 and Rf = 0.46, hexane/ethyl acetate = 2/1);
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mp 90-96 °C. 1H NMR (300 MHz, chloroform-d): & =7.90 (d, /= 8.4 Hz, 2H), 7.42-7.21
(m, 6H), 4.55 (br. s, 1H), 3.45-3.30 (m, 2H), 2.90-2.78 (m, 2H), 2.50-2.44 (m, 3H), 1.42 (s,
9H). MS (El): m/z=509.1 (M*+Na).

tert-Butyl 4-(3-(trifluoromethyl)diaziridin-3-yl)phenethylcarbamate (20)—A
solution of tert-butyl 4-(2,2,2-trifluoro-1-(tosylimino)ethyl)phenethylcarbamate (19, 300 mg,
0.62 mmol) in anhydrous diethyl ether (1 mL) was added into a pressure tube, liquid
ammonia (~10 mL) was condensed at =78 °C in a three neck round bottom flask and
transferred through cannula into the pressure tube that was also cooled to =78 °C. The
reaction mixture was cautiously warmed up to 30 °C and stirred for 1.5 h in the tightly
sealed pressure tube. Then it was cooled to room temperature and gradually allowing the
residual liquid ammonia to evaporate into an ammonia-disposal container in a draft chamber.
The residue containing the crude product 20 (320 mg) was sufficiently pure and was used
directly in the next step without further purification. 1H NMR (300 MHz, chloroform-a): &
=7.55 (d, J= 7.8 Hz, 2H), 7.25 (d, J= 7.8 Hz, 2H), 4.54 (br. s, 1H), 3.44-3.30 (m, 2H),
2.88-2.73 (m, 3H), 2.21 (d, J= 9.0 Hz, 1H), 1.43 (s, 9H). MS (El): m/z=332.1 (M*+H).

tert-Butyl 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenethylcarbamate (21)—The
mixture of crude fert-butyl 4-(3-(trifluoromethyl)diaziridin-3-yl)phenethylcarbamate (20,
320 mg, 0.97 mmol) and MnO, (756 mg, 8.7 mmol) in anhydrous diethyl ether (10 mL) was
stirred at room temperature for 3 h. MnO, was then removed by filtration. The residue was
concentrated in vacuoand purified by Combiflash chromatography (10-20% of ethyl acetate
in hexane) to yield product 21 (173 mg, 85.2% for two steps) as a white solid; mp 69—

70 °C. IH NMR (300 MHz, chloroform-a): 6 = 7.23 (d, /= 8.1 Hz, 2H), 7.13 (d, J= 8.1 Hz,
2H), 4.52 (br. s, 1H), 3.42-3.28 (m, 2H), 2.81 (t, /= 6.9 Hz, 2H), 1.42 (s, 9H). MS (EI): m/z
=330.0 (M*+H).

2-(4-(3-(Trifluoromethyl)-3H-diazirin-3-yl)phenyl)ethanamine (22)—Trifluoroacetic
acid (TFA, 0.33 mL, 4.25 mmol) was added into the solution of zert-butyl 4-(3-
(trifluoromethyl)-3 H-diazirin-3-yl)phenethylcarbamate (21, 233 mg, 0.71 mmol) in
anhydrous dichloromethane (3 mL) at 0 °C and was stirred at the same temperature for 2 h.
The reaction was quenched with water (2 mL), followed by removal of TFA in vacuo. The
residue was dissolved in ethyl acetate (2 mL) and treated with aqueous NaOH (2 N, 3 mL) to
pH 8-9. The mixture was stirred for 1 h and extracted with ethyl acetate 3 times. The
combined organic layer was washed with water and brine, dried over anhydrous Na;SQOg.
Filtration and concentration gave the crude product, which was purified by Combiflash
chromatography (10-20% of methanol in dichloromethane) to yield the product 22 (120 mg,
74.0%) as a light-yellow solid; mp 73-77 °C. IH NMR (300 MHz, chloroform-a): & = 7.21
(d, /=8.1 Hz, 2H), 7.12 (d, /= 8.1 Hz, 2H), 3.18-3.06 (m, 2H), 3.02-2.90 (m, 2H). MS (EI):
m/z=230.0 (M*+H).

Ethyl 5-chloro-3-formyl-1H-indole-2-carboxylate (31)—The title compound was
prepared by modification of a reported method [54]. The solution of ethyl 5-chloro-1+-
indole-2-carboxylate (30, 5 g, 0.0224 mol) in dry DMF (10 mL) was cooled in an ice-bath
for 30 min. Phosphorus oxychloride (3.9 mL, 0.042 mol) was added dropwise into the
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reaction mixture in about 5 min. The cooling bath was removed and the reaction mixture
was then heated and stirred for 2 h at 90 °C. The colored solution obtained was cooled to
room temperature and poured into crushed ice and then neutralized with ammonia. The
resulting orange precipitate was filtered and washed with water and crystallized from
ethanol to yield 4.88 g (87 %) of light-yellow solid; mp 232-234 °C. 'H NMR (300 MHz,
DMSO-a;) & 13.00 (bs, 1H), 10.56 (s, 1H), 8.21 (s, 1H), 7.58 (d, /= 8.3 Hz, 1H), 7.42 (d, J
= 8.3 Hz, 1H), 4.46 (q, J= 6.9 Hz, 2H), 1.40 (t, J= 6.9 Hz, 3H). MS (El): m/z = 252.04
(M*+1).

Ethyl 5-chloro-3-(hydroxymethyl)-1H-indole-2-carboxylate (32)—To the solution
of ethyl 5-chloro-3-formyl-1H-indole-2-carboxylate (31, 3.06 g, 0.0122 mol) in anhydrous
THF (60 mL) was added NaBH,4 (1.15 g, 0.03 mol) slowly at room temperature. The
resultant suspension was stirred for 1 h under argon. The reaction was quenched slowly with
saturated aqueous NH4CI solution and extracted twice by THF (2 x 25 mL). The organic
extract was washed with brine, separated and dried over anhydrous Na,SO,. Filtration and
concentration afforded 2.86 g of yellow solid product, which was purified by Combiflash
chromatography (0-20% of ethyl acetate in hexane) to yield 1.77 g (57 %) of colorless solid;
mp 139-141°C. IH NMR (300 MHz, DMSO-d;) 6 11.81 (bs, 1H; exchangeable with D,0),
7.91 (s, 1H), 7.43 (d, /=8.9 Hz, 1H), 7.26 (d, /=9.0 Hz, 1H), 4.97 (s, 3H), 4.35(q, /=7.0
Hz, 2H), 1.35 (t, J= 7.0 Hz, 3H). MS (El): m/z=252.9 (M%).

5-Chloro-3-(hydroxymethyl)-1H-indole-2-carboxylic acid (33)—Ethyl 5-chloro-3-
(hydroxymethyl)-1AH-indole-2-carboxylate (32, 4.3 g, 16.95 mmol) was added to 1 N sodium
hydroxide aqueous solution (30 mL). The reaction mixture was stirred and refluxed to give a
homogenous solution in 10 min. The reaction was monitored by TLC (50% ethyl acetate in
hexane). Upon completion of the hydrolysis in 30 min, the solution was cooled to room
temperature and treated with 1 N HCI to pH 2. The white solid precipitate was filtered, and
the cake was washed with a minimal amount of cold water and hexane (3 mL) and then dried
in a vacuum oven overnight to afford 3.65 g (95 %) of white solid product which was used in
the next step without further purification. mp 206-208 °C. IH NMR (300 MHz, DMSO-d)
& 13.37 (bs, 1H), 11.71(s, 1H), 7.88 (s, 1H), 7.41 (d, J= 8.9 Hz, 1H), 7.23 (d, /= 8.9 Hz,
1H), 4.96 (s, 2H). MS (El): m/z=225.0 (M*).

General Procedure A: Preparation of indole-2-carboxamides 26—29 and 35a—
35c—The solution of a C2-appropriately substituted ethanamine (0.82 mmol) in 1 mL of
anhydrous DMF was added to the solution of selected C3-substituted 5-chloroindole-2-
carboxylic acid (0.68 mmol), BOP (502 mg, 1.02 mmol), and N, A-diisopropylethylamine
(0.71 mL, 4.08 mmol) in anhydrous DMF (4 mL). The reaction mixture was stirred at room
temperature for 4h-6h. Upon completion of the coupling reaction, which was monitored by
TLC (30% ethyl acetate in hexane), the mixture was poured into cold water (40 mL) and
extracted with ethyl acetate twice. The organic layer was separated and washed with water,
brine and dried over anhydrous sodium sulfate. Filtration and removal of solvent in vacuo
provided the crude product, which was then purified either by trituration followed by
recrystallization in the solvent as specified or by Combiflash chromatography to generate the
indole-2-carboxamides 26-29 or 35a—35c respectively.
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5-Chloro-3-ethyl-N-(4-ethylbenzophenone)-1H-indole-2-carboxamide (26)—The
title compound was prepared from 5-chloro-3-ethyl- ZH-indole-2-carboxylic acid (23, 200
mg, 0.894 mmol) and (4-(2-aminoethyl)phenyl)(phenyl)methanone (12; 242 mg, 1.07 mmol)
according to the general procedure A. The crude product (545 mg) was triturated
sequentially with acetone (5 mL) and diethyl ether (5 mL), which was then purified by
Combiflash chromatography (0-30% of ethyl acetate in hexane) to yield 143 mg (37 %) of
white solid; mp 182-184 °C. 1H NMR (500 MHz, chloroform-d) & 9.12 (bs, 1H), 7.84-7.77
(m, 4H), 7.61(td, J= 7.3, 1.2 Hz, 1H), 7.57 (s, 1H), 7.48 (t, J= 8.7 Hz, 2H), 7.39 (d, /= 7.9
Hz, 2H), 7.32 (d, J= 8.7 Hz, 1H), 7.23 (dd, /= 8.7, 1.8 Hz, 1H), 6.03 (t, /= 5.3 Hz, 1H),
3.88 (g, /=6.4 Hz, 2H), 3.09 (t, /= 6.4 Hz, 2H), 2.78 (q, /= 7.8 Hz, 2H), 1.15 (t, /= 7.8
Hz, 3H). 13C NMR (75 MHz, chloroform-a): & 15.35, 18.35, 35.61, 40.58, 112.88, 118.09,
119.37, 125.13, 125.62, 127.56, 128.32 (2C), 128.72 (2C), 128.86, 129.95 (2C), 130.71
(2C), 132.47, 133.48, 136.23, 137.56, 143.54, 162.16, 196.23. HRMS (ESI) m/z [M+H]*
Calcd for CogH24CIN,O5: 431.1526. Found: 431.1530. Anal. Calcd for (CpgH23CIN20O5): C,
72.47; H,5.38; N, 6.50; found: C, 72.21; H, 5.16; N, 6.43.

5-Chloro-3-pentyl-N-(4-ethylbenzophenone)-1H-indole-2-carboxamide (27)—
The title compound was prepared from 5-chloro-3-pentyl-Z+-indole-2-carboxylic acid (24,
208 mg, 0.783 mmol) and (4-(2-aminoethyl)phenyl)(phenyl)methanone (12; 212 mg, 0.94
mmol) according to the general procedure A. The crude product (766 mg) was then purified
by Combiflash chromatography (0-30% of ethyl acetate in hexane) to yield 339 mg (91.5%)
of white solid; mp 149-151 °C. IH NMR (500 MHz, chloroform-a): 6 9.13 (bs, 1H), 7.82
(d, J=73 Hz, 2H), 7.79 (d, J=7.3 Hz, 2H), 7.59 (td, /= 7.3, 1.0 Hz, 1H), 7.55 (s, 1H), 7.48
(t, /= 7.6 Hz, 2H), 7.38 (d, /= 7.6 Hz, 2H), 7.32 (d, /= 8.7 Hz, 1H), 7.23 (dd, /= 8.7, 2.1
Hz, 1H), 6.05 (t, /= 5.8 Hz, 1H), 3.88 (q, /= 6.4 Hz, 2H), 3.08 (t, /= 6.4 Hz, 2H), 2.75 (t, J
= 7.8 Hz, 2H), 1.52 (quin, J= 7.8 Hz, 2H), 1.31-1.19 (m, 4H), 0.85 (t, /= 7.8 Hz, 3H). 13C
NMR (75 MHz, chloroform-a): § 13.98, 22.47, 25.12, 30.60, 31.75, 35.68, 40.58, 112.88,
116.85, 119.53, 125.10, 125.59, 127.82, 128.31 (2C), 128.69 (2C), 129.35, 129.91 (2C),
130.73 (2C), 132.42, 133.46, 136.14, 137.59, 143.59, 162.25, 196.12. HRMS (ESI) m/z[M
+H]* Calcd for (CygH9CIN,Oo+H): 473.1996. Found: 473.1996. Anal. Calcd for
(Co9H29CIN50O5): C, 73.64; H, 6.18; N, 5.92; found: C, 73.35; H, 6.10; N, 5.91.

5-Chloro-3-hexyl-N-((4-azido)phenethyl)-1H-indole-2-carboxamide (28)—The
title compound was prepared from 5-chloro-3-hexyl-1/-indole-2-carboxylic acid (25, 158
mg, 0.57 mmol) and 2-(4-azidophenyl)ethanamine (16, 110 mg, 0.68 mmol) according to the
general procedure A. The crude product was purified by Combiflash chromatography (0-
25% of ethyl acetate in hexane) to yield the product 28 (122 mg, 50%) as a white solid; mp
144-146 °C. 'H NMR (500 MHz, chloroform-a): & = 9.13 (s, 1H), 7.54 (s, 1H), 7.30 (d, J=
8.5 Hz, 1H), 7.24 (d, J=8.0 Hz, 2H), 7.22 (d, J= 8.5 Hz, 1H), 7.00 (d, /= 8.0 Hz, 2H), 5.98
(s, 1H), 3.81 (g, J= 6.0 Hz, 2H) 2.95 (t, /= 6.5 Hz, 2H), 2.71 (t, J= 7.5 Hz, 2H), 1.51-1.40
(m, 2H), 1.34-1.13 (m, 6H), 0.89 (t, J= 7.0 Hz, 3H). 13C NMR (75 MHz, chloroform-a): &
=14.06, 22.61, 25.17, 29.36, 30.87, 31.64, 34.93, 40.73, 112.86, 116.65, 119.42 (2C),
119.50, 125.03, 125.54, 127.90, 129.35, 130.09 (2C), 133.44, 135.20, 138.70, 162.17.
HRMS (ESI) m/z [M+H]* Calcd for (Co3Ho6CINgO+H): 424.1904. Found: 424.1898. Anal.
Calcd for (Co3Ho6CIN5O): C, 65.16; H, 6.18; N, 16.52. Found: C, 65.07; H, 6.26; N, 16.40.
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5-Chloro-3-hexyl-N-(4-(3-trifluoromethyl-3H-diazirin-3-yl)phenethyl)-1H-
indole-2-carboxamide (29)—The title compound was prepared from 5-chloro-3-
hexyl-1H-indole-2-carboxylic acid (25, 101.8 mg, 0.364 mmol) and 2-(4-(3-
(Trifluoromethyl)-3 H-diazirin-3-yl)phenyl)ethanamine (22, 100 mg, 0.436 mmol) according
to the general procedure A. the crude product was purified by Combiflash chromatography
(10-25% of ethyl acetate in hexane) to give final product 29 (100 mg, 56%) as a white solid;
mp 128-129 °C. IH NMR (500 MHz, chloroform-a): & = 9.08 (s, 1H), 7.54 (d, /= 3.0 Hz,
1H), 7.33-7.27 (m, 3H), 7.22 (dd, J= 3.5 Hz, 15 Hz, 1H), 7.17 (d, /= 13.5 Hz, 2H), 5.95 t,
J=10 Hz, 1H), 3.80 (q, /= 10.5 Hz, 2H), 2.99 (t, J= 11.0Hz, 2H), 2.69 (t, /= 13.0 Hz, 2H),
1.46-1.39 (m, 2H), 1.27-1.13 (m, 6H), 0.89 (t, /= 11.5 Hz, 3H). 13C NMR (75 MHz,
chloroform-d): & = 14.03, 22.55, 25.08, 28.30 (q, 2Jc = 40.1 Hz), 29.25, 30.81, 31.55,
35.27, 40.57, 112.86, 116.75, 119.53, 122.10 (q, Yc f = 272.9 Hz), 125.09, 125.59, 126.90
(2C), 127.74, 127.81, 129.25 (2C), 129.34, 133.45, 140.47, 162.20. HRMS (ESI) m/z[M
+H]* Calcd for (Co5H6CIF3N4O+H): 491.1825. Found: 491.1823. Anal. Calcd for
(Co5H26CIF3N4O): C, 61.16; H, 5.34; N, 11.41. Found: C, 61.33; H, 5.53; N, 11.14.

5-Chloro-N-(4-(piperidin-1-yl)phenethyl)-3-(hydroxymethyl)-1H-indole-2-
carboxamide (35a)—The title compound was prepared from ethyl-5-chloro-(3-
hydroxymethyl)-1A-indole-2-carboxylic acid (33; 500 mg, 2.22 mmol) and commercially
available 2-(4-(piperidin-1-yl)phenyl)ethanamine (34a; 543 mg, 2.66 mmol) according to the
general procedure A. 160 mg (17.5 %) of white solid was isolated as product by Combiflash
chromatography (0-30% of ethyl acetate in hexane); mp 202-205 °C. 1H NMR (300 MHz,
DMSO-ag): & 11.72 (bs, 1H; exchangeable with D,0), 8.86 (bs, 1H; exchangeable with
D,0), 7.77 (s, 1H), 7.40 (d, J= 8.50 Hz, 1H), 7.18 (d, /= 9.40 Hz, 1H), 7.10 (d, J= 8.0 Hz,
2H), 6.85 (d, J=8.0 Hz, 2H), 5.81 (bs,1H; exchangeable with D,0), 4.76 (bs, 2H), 3.52 (q, J
= 5.3 Hz, 2H), 3.13-3.02 (m, 4H), 2.75 (t, J= 5.5 Hz, 2H), 1.69-1.44 (m, 6H). MS (El): m/z
=411.1 (M%), 396.1 (M*-OH+2). Anal. Calcd for (Cy3H,5CIN3O,): C, 67.06; H, 6.36; N,
10.20. Found: C, 67.34; H, 6.54; N, 10.04.

5-Chloro-N-(4-(dimethylamino)phenethyl)-3-(hydroxymethyl)-1H-indole-2-
carboxamide (35b)—The title compound was prepared from ethyl-5-chloro-(3-
hydroxymethyl)-1AH-indole-2-carboxylic acid (33; 460 mg, 2.04 mmol) and commercially
available 4-(2-aminoethyl)- N, N-dimethyl aniline (34b; ChemBridge, 402 mg, 2.45 mmol)
according to the general procedure A. 227 mg (30 %) of white solid was isolated as product
by Combiflash chromatography (0-30% of ethyl acetate in hexane); mp 199-202 °C. 1H
NMR (300 MHz, DMSO-gg): 6 11.71 (bs, 1H; exchangeable with D,0), 8.84 (bs, 1H;
exchangeable with D,0), 7.77 (s, 1H), 7.41 (d, J=8.50 Hz, 1H), 7.18 (d, /= 8.50 Hz, 1H),
7.09 (d, /=8.10 Hz, 2H), 6.66 (d, J=8.10 Hz, 2H), 5.80 (t, /= 4.30 Hz, 1H; exchangeable
with D,0), 4.77 (d, J= 4.30 Hz, 2H), 3.51 (q, /= 6.8 Hz, 2H), 2.84 (s, 6H), 2.74 (t, /= 6.8
Hz, 2H). MS (El): m/z= 372.4 (M*+1), 354.4 (M*-OH-1).

N-(4-Benzoylphenethyl)-5-chloro-3-(hydroxymethyl)-1H-indole-2-carboxamide
(35¢)—The title compound was prepared from ethyl-5-chloro-(3-hydroxymethyl)-1+-
indole-2-carboxylic acid (33; 500 mg, 2.22 mmol) and (4-(2-aminoethyl)phenyl)
(phenyl)methanone (12; 600 mg, 2.66 mmol) according to the general procedure A. 163 mg
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(41.8 %) of white solid was isolated as product by Combiflash chromatography (0-30% of
ethyl acetate in hexane); mp 193-196 °C. 1H NMR (300 MHz, DMSO-d): 6 11.72 (bs, 1H:;
exchangeable with D,0), 8.91 (bs, 1H; exchangeable with D,0), 7.77 (s, 1H), 7.75-7.60 (m,
5H), 7.60-7.51(m, 2H), 7.48 (d, J=7.50 Hz, 2H), 7.41 (d, /= 8.50 Hz, 1H), 7.18 (d, /= 8.70
Hz, 1H), 5.79 (t, /= 5.0 Hz, 1H; exchangeable with D,0), 4.74 (d, /= 4.90 Hz, 2H), 3.67 (q,
J=6.7 Hz, 2H), 2.99 (t, J= 6.7 Hz, 2H). MS (El): m/z=432.1 (M%), 416.1 (M*-OH+1).
Anal. Calcd for (Co5H21CIN2O3): C, 69.36; H, 4.89; N, 6.47. Found: C, 69.24; H, 5.11; N,
6.25.

General procedure B: Preparation of 5-chloro-N-(4-substituted-phenethyl)-3-
(azidomethyl)-1H-indole-2-carboxamides (36a—36¢)—A mixture 5-chloro-N-(4-
substituted phenethyl)-3-(hydroxymethyl)-1AH-indole-2-carbox-amides (35, 0.5 mmol) and
diphenylphosphoryl azide (DPPA) (166.5 mg, 0.605 mmol) was dissolved in anhydrous THF
(15 mL). The mixture was cooled to 0 °C under nitrogen, and then DBU (92 mg, 0.605
mmol) was added. The reaction was stirred for 2 h at 0 °C and then at 20 °C for 16 h. Upon
completion of the replacement reaction, which was monitored by TLC (30% ethyl acetate in
hexane), the reaction mixture was poured into cold water (30 mL) and extracted with
dichloromethane twice (2 x 20 mL). The organic layer was separated and washed twice with
water (2 x 10 mL), 5% HCI (10 mL) and brine, and then dried over anhydrous sodium
sulfate. Filtration and removal of solvent in vacuo provided the crude product, which was
purified by Combiflash chromatography (0-30 % of ethyl acetate in hexane) to afford the
products (36a—36¢).

3-(Azidomethyl)-5-chloro-N-(4-(piperidin-1-yl)phenethyl)-1H-indole-2-
carboxamide (36a)—The title compound was prepared from 5-chloro- N-(4-(piperidin-1-
yl)phenethyl)-3-(hydroxymethyl)-1A-indole-2-carboxamide (35a; 206 mg, 0.50 mmol),
DPPA (166.5 mg, 0.605 mmol), and DBU (92 mg, 0.605 mmol) according to the general
procedure B. 56.5 mg (26 %) of white solid was isolated by Combiflash chromatography (0-
30% of ethyl acetate in hexane); mp 148-151°C. 1H NMR (500 MHz, chloroform-a): & 9.82
(bs, 1H), 7.61 (d, /= 1.9 Hz, 1H), 7.38 (d, /= 8.5 Hz, 1H), 7.25 (dd, J= 8.5, 1.9 Hz,1H),
7.14 (d, J= 7.6 Hz, 2H), 7.03 (t, /= 5.6 Hz, 1H), 6.91 (d, /= 7.6 Hz, 2H), 4.45 (s, 2H), 3.78
(9, /= 6.3 Hz, 2H), 3.15-3.09 (m. 4H), 2.90 (t, /= 63 Hz, 2H), 1.73-1.67 (m, 4H), 1.59-1.54
(m. 2H). 13C NMR (75 MHz, chloroform-a): & 24.27, 25.83 (2C), 34.40, 41.43, 44.71,
50.83 (2C), 109.02, 113.43, 116.87 (2C), 118.31, 125.28, 126.74, 128.62, 128.81, 129.30
(2C), 131.25, 133.09, 151.13, 161.26. HRMS (ESI) /2 [M + H]* Calcd for (Co3H25CINgO
+H): 437.1857. Found: 437.1858. Anal. Calcd for (C»3H25CINgO): C, 63.22; H, 5.77; N,
19.23. Found: C, 62.99; H, 5.68; N, 18.95.

5-Chloro-N-(4-(dimethylamino)phenethyl)-3-(azidomethyl)-1H-indole-2-
carboxamide (36b)—The title compound was prepared from 5-chloro-A-(4-
(dimethylamino)phenethyl)-3-(hydroxymethyl)-1 A-indole-2-carboxamide (35b; 186 mg, 0.5
mmol), DPPA (166.5 mg, 0.605 mmol), and DBU (92 mg, 0.605 mmol) according to the
general procedure B. 74 mg (37 %) of white solid was isolated by Combiflash
chromatography (0-30% of ethyl acetate in hexane); mp 154-157 °C. 1H NMR (500 MHz,
chloroform-d): & 9.66 (bs, 1H; exchangeable with D,0), 7.61 (d, /= 2.0 Hz,, 1H), 7.37 (d, J
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=8.50 Hz, 1H), 7.25 (dd, J= 8.50, 2.0 Hz, 1H), 7.14 (d, J= 8.20 Hz, 2H), 7.01 (t, J= 4.8
Hz, 1H), 6.72 (d, J=8.20 Hz, 2H), 4.47 (s, 2H), 3.77 (g, /= 6.3 Hz, 2H), 2.92 (s, 6H), 2.89
(t, J= 6.3 Hz, 2H). 13C NMR (75 MHz, chloroform-ad): &6 = 34.32, 40.75 (2C), 41.56, 44.74,
109.01, 113.04 (2C), 113.43, 118.32, 125.25, 126.13, 126.72, 128.62, 129.37 (2C), 131.30,
133.11, 149.61, 161.27. HRMS (ESI) m/z[M + H]* Calcd for (CygH21CINgO+H):
397.1544. Found: 397.1531. Anal. Calcd for (CogH»1CINgO): C, 60.53; H, 5.33; N, 21.18.
Found: C, 60.57; H, 5.25; N, 20.91.

3-(Azidomethyl)-N-(4-benzoylphenethyl)-5-chloro-1H-indole-2-carboxamide
(36¢c)—The title compound was prepared from N-(4-benzoylphenethyl)-5-chloro-3-
(hydroxymethyl)-1AH-indole-2-carboxamide (35c; 217 mg, 0.50 mmol), DPPA (166.5 mg,
0.605 mmol), and DBU (92 mg, 0.605 mmol) according to the general procedure B. 69 mg
(30%) of white solid was isolated by Combiflash chromatography (0-30% of ethyl acetate in
hexane); mp 151-153°C. IH NMR (500 MHz, chloroform-a): & 9.72 (bs, 1H), 7.83-7.72 (m,
4H), 7.62 (s, 1H), 7.59 (dt, /= 7.5, 1.2 Hz, 1H), 7.48 (t, /= 7.5 Hz, 2H), 7.41-7.36 (m, 3H),
7.27 (dd, /=8.7, 1.8 Hz,1H), 7.17 (t, /= 5.4 Hz, 1H), 4.50 (s, 2H), 3.87 (q, /= 6.4 Hz, 2H),
3.09 (t, J= 6.4 Hz, 2H). 13 C NMR(75 MHz, chloroform-a): & 35.50, 40.96, 44.78, 109.23,
113.40, 118.36, 125.50, 126.93, 128.30 (2C), 128.60, 128.71 (2C), 129.96 (2C), 130.61
(2C), 130.96, 132.41, 133.08, 136.14, 137.60, 143.55, 161.35, 196.30. MS (El): m/z= 458.1
(M*+1), 417.1 (M*-N3+1). HRMS (ESI) m/z [M + Na]* Calcd for (C,5H20CIN5O,+Na):
480.1203. Found: 480.1202. Anal. Calcd for (Co5H2oCIN505): C, 65.57; H, 4.40; N, 15.29.
Found: C, 65.77; H, 4.31; N, 15.05.
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Abbreviations

CB1 Cannabinoid type 1 receptor
GPCR G-protein coupled receptor
nAChRs nicotinic acetylcholine receptors
BP benzophenone

PTFMD phenyltrifluoromethyldiazirine
PAZ phenyl azide

SAR structure activity relationship
TFMD trifluoromethyldiazirinyl
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DIPEA diisopropylethyl amine
PAR parent compound
PhA photoactivatable compound
PBS phosphate buffered saline
TLC thin-layer chromatography
TMS tetramethylsilane
TFA trifluoroacetic acid
DPPA diphenylphosphoryl azide
[3°SIGTPyS guanosine 5"-O-(3-[3°S]thio)triphosphate
ERK extracellular signal-regulated kinases
cAMP 3'-5'-cyclic adenosine monophosphate
HEK?293 human embryonic kidney 293 cells
BSA bovine serum albumin
TME Tris-Mg2*-EDTA
EGTA ethylene glycol tetraacetic acid
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Highlights

. Benzophenone, aryl azide, aliphatic azide and diazrine are selected as
photophores.

. Allosteric photoactivatable ligands were developed for the CB1
receptor.

. The photophore-bearing CB1 allosteric modulators behave similarly as
their parent ligands.

. Allosteric modulation of these new ligands on the CB1 receptor was

demonstrated.
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Fig. 1.

Structures of representative allosteric modulators of the CB1 receptor.
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Fig. 2.
Structures of robust CB1 allosteric modulators 7, 8 and 9, which served as parent

compounds along with 1 for the development of photoactivatable ligands.
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CF;
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(d) Carbene

Photoactivatable functionalities frequently employed in the synthesis of photoaffinity ligands
and their corresponding reactive species produced from UV irradiation.
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Fig. 4.

Ef?’ect of photoactivatable allosteric compounds on stimulation of agonist-induced
[¥5S]GTPyS binding to the CB1 receptor. Dose-response curves for CP55,940-induced
[3°S]GTPyS binding to HEK293 cell membranes expressing the CB1 receptor in the
absence and presence of 0.32 pM and 10 UM 26, 27, 28, or 36b. Data are presented as
specific binding of GTP+yS binding. Nonspecific binding was determined in the presence of
10 pM unlabeled GTP+yS. The level of GTPyS binding of mock-transfected samples (non-
CBI mediated) was subtracted from each specific binding data point. Each data point
represents the mean £ S.E. (error bars) of at least three independent experiments performed
in duplicated.
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Scheme 1.

Reagents and conditions: (i) AICI3, nitrobenzene, 50 °C, 8h, 41%; (ii) conc HCI, EtOH,
reflux, 4h, 82%; (iii) Boc,O, NaOH, |,4-dioxane/H,0, 0 °C to rt, 5.5 h, 90%; (iv) NaNs,
Cul, Na ascorbate, N, \V-dimethylethylenediamine, EtOH/ H,0, reflux, overnight, 55%; (v)
TFA, CH,C1,, 0 °C, 2 h, 89%; (vi) KH, 0 °C 1h, then #BuLi, CF3COOEt, ~78 °C, 4h, 35%;
(vii) NH,OH-HCI, pyridine, 80 °C, 2h, 64%; (viii) TEA, TsCl, acetone, 0 °C, overnight,
99%; (ix) NH3(liquid), diethyl ether, 30 °C, 1.5 h; (X) MnO», diethyl ether, rt, 3 h, 85% for
two steps; (xi) TFA, CH,Cly, 0 °C, 2 h, 74%. “Photophores are highlighted in red.
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Reagents and conditions: (i) BOP, DIPEA, DMF, rt, 4-12 h.
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Reagents and conditions: (i) POCl3, DMF, 90 °C, 2h, 89%; (ii) NaBH,4, THF, rt, 1h, 57%;
(iif) IN NaOH (aq), reflux, 30 min, 95%; (iv) BOP, DIPEA, DMF, rt, 4-12 h, 18-42%; (V)
DPP A, DBU, THF, 0 °C-rt, 2-16 h, 26-37%.
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