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Graphical Abstract: 

 

ABSTRACT:  

Cannabinoid 1 receptor (CB1R) allosteric ligands hold far-reaching therapeutic promise. We 

report application of fluoro- and nitrogen-walk approaches to enhance the drug-like properties of 

GAT211, a prototype CB1R allosteric agonist-positive allosteric modulator (ago-PAM). Several 

analogs exhibited improved functional potency (cAMP, arrestin2), metabolic stability, and 

aqueous solubility. Two key analogs, GAT591 (6r) and GAT593 (6s), exhibited augmented 

allosteric-agonist and PAM activities in neuronal cultures, improved metabolic stability, and 

enhanced orthosteric agonist binding (CP55,940). Both also exhibited good analgesic potency in 

the CFA inflammatory-pain model with longer duration of action over GAT211 while devoid of 

adverse cannabimimetic effects. Another analog, GAT592 (9j), exhibited moderate ago-PAM 

potency and improved aqueous solubility with therapeutic reduction of intraocular pressure in 

murine glaucoma models. The SAR findings and the enhanced allosteric activity in this class of 

allosteric modulators were accounted for in our recently developed computational model for CB1R 

allosteric activation and positive allosteric modulation.  
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INTRODUCTION:  

The endocannabinoid system (ECS) is an ubiquitous information transducing network comprised 

of endocannabinoid lipid-signaling molecules [mainly, 2-arachidonoylglycerol (2-AG) and 

anandamide (AEA)], type 1 and 2 cannabinoid G protein-coupled receptors (GPCRs) (CB1R and 

CB2R), and endocannabinoid-synthesizing and -inactivating enzymes.1 Widely distributed 

throughout the human body, the ECS helps control and modulate multiple physiological processes 

such that aberrant ECS activity has been implicated in a broad range of disease states.1 The 

prominence of CB1R for regulating synaptic activity in the central nervous system and its varied 

roles in the periphery ranging from metabolic control to modulation of smooth muscle tone have 

focused significant attention on the role of abnormal CB1R-mediated signal transduction in disease 

etiology and the potential of pharmacological CB1R modulation as treatment modality. Indeed, 

this GPCR, is recognized as a promising therapeutic target for several conditions including pain, 

neuropathy, cachexia, glaucoma, and post-traumatic stress disorder. 2-11 

The CB1R partial agonist and psychoactive plant (phyto)cannabinoid, ∆9-tetrahydrocannabinol 

(THC), is approved in Canada and the European Union for treating cachexia and as a third-line 

pain treatment.12, 13  As an orthosteric agonist, THC binds to the same site in CB1R as the 

endogenous cannabinoids, thereby directly activating the receptor.  Its demonstrated medical 

utility notwithstanding, pharmacological CB1R activation by targeted orthosteric agonists carries 

undesirable side-effect risks including intoxication, delirium, abuse liability, and development of 

tolerance and dependence, which have significantly limited their therapeutic utility.  

As a promising alternative to orthosteric agents for therapeutic GPCR targeting, allosteric 

modulators have been pursued. These ligands bind to an allosteric site on the target GPCR that is 
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subtype-specific and topographically distinct from the orthosteric ligand-binding pocket. The 

cooperative interaction between bound orthosteric and allosteric ligands offers the potential to tune 

the efficacy/affinity of the orthosteric ligand in a site- and event-specific manner.  Binding of the 

allosteric modulator is believed to induce structural changes in the GPCR that affects the receptor’s 

affinity for and/or the efficacy of an orthosteric ligand to generate receptor conformational states 

with unique structural and functional properties that may be therapeutically exploitable.14-21  In 

particular, allosteric CB1R modulation by small-molecule ligands has several appealing features 

that could translate into improved safety, more flexible therapeutic dose-ranging, and avoidance 

of the inherent side-effect risks of orthosteric CB1R ligands.   CB1R allosteric modulators that  

 

 

 

 

 

 

potentiate [positive allosteric modulators (PAMs)] or inhibit [negative allosteric modulators 

(NAMs)] orthosteric signaling have recently been described (Fig. 1). CB1R (ago)-PAMs have 

garnered attention as potential treatments for pain and neurodegenerative diseases without the risk 

of psycho-behavioral and other side effects carried by direct orthosteric CB1R activators.22-24 
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We recently described the pharmacological characterization of GAT211, a CB1R allosteric agonist 

and PAM (i.e. ago-PAM) and the enantiospecific interaction of its enantiomers (GAT228 and 

GAT229) with CB1R. It is noteworthy to mention that this is the first small molecule CB1R 

modulator from the 2-phenylindole structural class that was correctly characterized as a CB1R 

ago-PAM. With human-recombinant CB1R (hCB1R) and native receptor, GAT211 (racemic) 

enhanced both [3H]CP55,940 binding and agonist-mediated CB1R signaling, whereas GAT228 

(R-enantiomer) was an allosteric CB1R partial agonist and GAT229 (S-enantiomer) was a potent 

CB1R PAM.25  Although GAT211 was first reported as a CB1R PAM by Astra Zeneca through 

an HTS campaign, it was only partially characterized in vitro and was not studied further. Another 

CB1R PAM ZCZ-011 was also first characterized as PAM22, and later it was shown to behave as 

ago-PAM.23, 26 GAT211 was instrumental in establishing the role of CB1R PAMs in treating 

chronic and neuropathic pain, glaucoma, Huntington’s disease, and other CNS disorders. In vivo, 

GAT211 showed preclinical therapeutic efficacy against neuropathic pain27 and did not produce 

cardinal signs of CB1R activation associated with orthosteric cannabinoid receptor agonists.  In 

murine disease models, GAT211 and GAT229 attenuated IOP, a major risk factor for glaucoma, a 

progressive neurodegenerative disease in which damage to the optic nerve results in loss of retinal 

ganglion cells, and irreversible vision loss and blindness26, 28. GAT211 and GAT229 also reduced 

the signs and symptoms of Huntington’s disease, while delaying its progression.29 GAT211, 

however, has moderate PAM potency, low aqueous solubility and rapid metabolic clearance. 

These findings have fostered an interest in understanding design parameters for productive 

structure-activity relationships (SAR) around GAT211 and exploring the potential for additional, 

novel candidates with comparable, or improved, drug-like properties while retaining or enhancing 

CB1R PAM activity. In general, SAR studies of GPCR allosteric modulators have been reported 
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to be challenging, yielding a flat-SAR.30 The fluorine- and nitrogen-walk approaches, which 

respectively involve the replacement of a hydrogen atom with fluorine or a CH-function with 

nitrogen have been reported as successful approaches to optimize biological activity, metabolic 

stability, and overall physicochemical properties.31-34  

Here, we report the application of fluorine- and nitrogen-walk approaches to the GAT211 scaffold 

to develop potent and efficacious CB1R allosteric modulators with improved physicochemical 

properties.  We detail the development of the resulting novel analogs and their in vitro 

characterization through functional assays (cAMP, -arrestin2, GTPS), including 

electrophysiological and radioligand binding experiments. The three key compounds resulting 

from these studies exhibited therapeutic efficacy in preclinical animal models of glaucoma (ocular 

hypertensive model and NEE mice model) and pain (CFA model).  

 

Ligand Design: 

We exploited observations that systematic introduction or “walk” of fluorine around the core 

structure of an allosteric ligand may retain, or enhance, chemical properties, pharmacological 

activity, metabolic stability, and/or bioavailability. 35, 36 As a scaffold-hopping approach in a lead-

optimization drive, the “fluorine walk” (F-walk) has met success for identifying regions of the 

allosteric ligand (in)tolerant to functionalization or contributory to a “flat” or “steep” SAR as 

routinely observed for allosteric modulators and illuminating the electronic properties of the 

ligand-binding site.30, 35 Based on this, we designed analogs in which each aromatic ring hydrogen 

atom of GAT211 was replaced with a fluorine atom one at a time at a various position on sites I, 

II and III of GAT211. The functional activity of 10 such mono-fluorinated analogs (Table 1) 

further guided the design of four di-fluorinated and four tri-fluorinated analogs (Table 1).  
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Likewise, substitution of CH groups with nitrogen in (hetero-)aromatic  rings, termed “nitrogen 

walk” or aza walk (N-walk), can enhance the physicochemical and pharmacological properties of 

a drug, mainly by altering intramolecular and/or ligand-GPCR noncovalent interactions to effect 

positive conformational change upon the ligand and/or liganded GPCR.34, 36 Introduction of a basic 

nitrogen atom into a ring generally decreases lipophilicity and increases the compound’s volume 

of distribution, thereby prolonging its serum half-life and inviting the prospect of once-daily oral 

dosing.34 Thus, we designed 10 aza-analogs of GAT211, one of which could not be synthesized 

and isolated due to its instability. We also designed a representative hybrid analog in which both 

nitrogen and fluorine atoms were incorporated together at the most-tolerable positions in the same 

ring. All analogs retained the GAT211 nitro functionality, as its substitution with different groups 

(e.g., amino, acid, cyano, hydroxyl, trifluoromethyl) compromised pharmacological activity.23, 61 

The aliphatic nitro group was well tolerated and did not cause apparent toxicity in the several 

animal models in which GAT211 was profiled.27-29  

RESULTS AND DISCUSSION:  

CHEMISTRY:  

The positional variation of fluorine at the Site III was accomplished according to Scheme 1. 

Different fluorinated β-nitrostyrenes (2a-d) were synthesized as reported37 from each 

corresponding mono-substituted fluoro-benzaldehydes (1a-d). These nitrostyrenes were further 

treated for Michael addition with 2-phenyl indole (5) based on our in-house developed synthetic 

methodology38 to furnish target compounds 6a-d in good yields.              
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Scheme 1. Synthesis of mono fluoro derivatives 6a-6d. 

 

 

 

 

 

 

Similarly, a positional variation of fluorine at the Site I was accomplished according to Scheme 2.  

Commercially available fluoro-substituted indoles (3e-h) were coupled with phenyl boronic acid 

under a Suzuki type reaction condition39 in the presence of Pd(OAc)2 in acetic acid under an 

oxygen atmosphere to yield fluorinated indoles (5e-h) in good yields (51%-67%). Similarly, 

indoles 5i-k were synthesized by coupling commercially available fluoro phenylboronic acid 4i-k 

with 2-phenylindole in good yields. All synthesized mono-fluoro 2-phenylindoles (5e-k) were 

treated with β-nitrostyrene and trifluoro ammonium acetate under microwave irradiation to furnish 

the corresponding Michael adducts 6e-k in 51-85% yields.  

Difluoro-substituted analogs (6l-6o) were synthesized from 5g and 5h with 2-F and 4-F-

nitrostyrene (2a and 2c), respectively, using the same strategy (Scheme 2). Trifluorinated analogs 

(6p-6s) were synthesized by following the same protocol that involved difluoro indoles (5l-5m) 

and the corresponding fluoro nitrostyrene (2a and 2c). 
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           Scheme 2. Synthesis of mono, di- and tri- fluoro derivatives 6e-6q. 

 

 

 

 

 

 

 

 

For nitrogen-walk analogs at Site III, we synthesized the corresponding pyridine nitrostyrenes 8a-

c by following the reported protocol40,41,48 which involved nitro-aldol condensation of 

nitromethane and pyridine aldehyde 7a-c under basic condition followed by dehydration. Michael 

adducts 9a-c were obtained in good yields by treating pyridine nitrostyrenes 8a-c with 2-

phenylindole in the presence of nBu4NI.41  On the other hand, pyridinyl indoles 11a-c were 

synthesized by using a Fisher indole synthesis strategy. This involved synthesis of 

phenylhydrazones from pyridine aldehydes 10b-c and phenylhydrazine followed by their 

intramolecular cyclization in the presence of PPA to yield corresponding indoles.42 Indoles 11b-c 

were treated with β-nitrostyrene in the presence of Et4NBr in dioxane: water (9:1) under reflux 

condition to yield Michael adducts 9d-e in good yields (Scheme 3). We were not able to isolate 

the Michael adduct product derived from indole 11a and β-nitrostyrene under various attempted 
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conditions, presumably due to its instability.  The aza-indoles required for the synthesis of 

nitrogen-walk analogs at Site I were obtained using different synthetic strategies (Scheme 4). Thus 

4- and 6-aza-2-phenylindole 11d and 11f respectively were synthesized by treating 2-

methylpyridin-3-amine 12 and 4-methylpyridin-3-amine 14 with ethyl benzoate and sec-BuLi.43 

For the synthesis of 5-aza-2-phenyl-1H-indole 11e, we used Sonogashira  

Scheme 3. Synthesis of indoles and GAT 211 aza-analogs for site III and site IV variation 

 

 

 

 

 

 

 

 

 

coupling followed by a 5-endo-dig cyclization strategy.44. Accordingly, 3-iodopyridin-4-amine 13 

was treated with phenyl acetylene, Pd(PPh3)4, CuI in DMF to obtain the aryl-alkyne coupled 

product45, which was further cyclized with KOtBu to obtain the 4-aza-2-phenyl indole 11e46 in 

84% overall yield. When 4-methylpyridin-3-amine was treated with ethyl benzoate for one-pot 
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indole formation, we obtained the corresponding amide compound 15, which was purified and 

then cyclized with sec-BuLi to yield 7-aza indole 11g in 51% yield.  

Once all corresponding aza-indoles were prepared for the synthesis of Site I variation analogs, we 

attempted our earlier developed method38 or other literature reported conditions for the Michael 

addition reaction between 2-phenyl aza-indoles and β-nitrostyrene. However, for aza-indoles, 

these approaches failed to produce the corresponding aza Michael adducts, a likely reflection of 

nitrogen’s inductive effect, which makes the indole ring electron deficient and less reactive.  

        Scheme 4.  Synthesis of aza analogs of GAT211 for Site I variations 

 

 

 

 

 

 

 

 

To increase the indole ring’s electron density and foster the likelihood of its participating in  

Michael addition with nitrostyrene, we generated the corresponding indolium anions by treating 

the aza-indoles with a strong base (NaH, KOtBu, nBuLi).47 We observed that this objective was 

best achieved with nBuLi. The indolium anion was then reacted in situ with nitrostyrene, and the 
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corresponding Michael adduct was isolated in moderate to good yields (Scheme 5). This approach 

represents a novel and useful strategy to synthesize Michael adducts between electron deficient 

indoles and β-nitrostyrene. Using this optimized reaction condition, we synthesized the desired 

aza-derivatives 9f-i (Scheme 4) in moderate to good yields. 

Scheme 5: Alternative strategy employed for Michael addition reaction with electron-deficient 

aza-indoles. 

 

 

 

 

 

For the synthesis of the fluoro-aza hybrid compound 9j, the nitrostyrene 8d was synthesized from 

6-fluoropicolinaldehyde 7d. Aldehyde 7d was treated with nitromethane and KOtBu to obtain 

corresponding nitro alcohol, which was further dehydrated with Ac2O/DMAP to get nitrostyrene 

8d in good yield.48 Nitrostyrene 8d was treated with 2-phenylindole with CF3COONH4 under 

reflux to obtain the corresponding Michael adduct 9j in 90% yield (Scheme 6). 

Scheme 6. Synthesis of fluoro and aza hybrid analog 9j. 
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STRUCTURE-ACTIVITY RELATIONSHIP STUDIES: The influence of fluorine- and 

nitrogen-walks on biological activity of GAT211 was indexed in vitro as CB1R-dependent PAM 

inhibition of cAMP formation and arrestin2 recruitment in Chinese hamster ovary (CHO) cells 

stably-expressing hCB1R (DiscoveRx HitHunter and PathHunter, respectively) + CP55,940 

(EC20) according to previously described methods (Table 1 and 2).25 Cellular cAMP formation 

reflects G protein-mediated signaling, whereas arrestin2 recruitment reflects G protein-

independent information pathways.25 In the cAMP assay, inhibition of forskolin-stimulated cAMP 

is quantified through the production of a chemiluminescent signal in the HitHunter cell line 

proportional to cAMP abundance.25 Similarly, arrestin2 recruitment is quantified in the 

PathHunter assay through arrestin2 enzyme complementation between CB1R and arrestin2, 

each of which is expressed as a fusion protein with a fragment of −galactosidase, thus interaction 

between CB1R and arrestin2 yields a complete enzyme whose activity is quantified via detection 

of a chemiluminescent signal.25 Previous data have shown that G protein-mediated signaling via 

CB1R is associated with sustained CB1R levels and cellular viability, whereas arrestin2 

recruitment is associated with downregulation of CB1R and reduced cell viability.29 Thus, ideal 

candidate compounds are likely to display high potency and efficacy for G protein-mediated 

effects relative to arrestin2 recruitment. Our data thus provide insight into the bioactivity of our 

newly synthesized compounds on the two principal mechanisms of GPCR/CB1R signaling. The 

comprehensive in vitro SAR in these cell-based assays for GAT211 congeners obtained from the 

fluorine-walk are given in Table 1, and those from nitrogen-walk are shown in Table 2. 

In comparison to parent compound 6d, introduction of fluorine at C4, C5, C6 and C7 positions of 

the indole ring at Site I (6e-h) showed incrementally improved PAM activity in the cAMP assay 

with modest, if any, influence on arrestin2 recruitment. Among these, 6g (cAMP: EC50 = 110 
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nM, Emax = 120%; arrestin2: EC50 = 1,100 nM, Emax = 38%) and 6h, (cAMP: EC50 = 22 nM, Emax 

= 120%; arrestin2: EC50 = 750 nM, Emax = 45%), exhibited improved potency and signaling 

selectivity. 

Compounds 6i-k were derived from the fluorine-atom introduction at the ortho-, meta-, and para-

positions of the phenyl ring at the C2 position of indole (Site II). All analogs retained PAM activity 

in the cAMP and arrestin2 assays, and the meta-fluoro analog 6j (cAMP: EC50 = 80 nM, Emax = 

140%; arrestin2: EC50 = 1,300 nM, Emax = 55%) displayed improved potency relative to the parent 

compound 6d and selectivity for cAMP relative to arrestin2 recruitment.  

The remaining fluorine-analogs of this “fluoro-walk” series reflect the introduction of fluorine-

atom into the phenyl ring (Site III).  Intriguingly, all analogs (6a-c) showed significant variation 

in PAM activity. Ortho-fluoro-substitution at Site III, 6a (cAMP: EC50 = 43 nM, Emax = 110%; 

arrestin2: EC50 = 1,060 nM, Emax = 63%), was more potent than parent compound 6d and 

somewhat selective for cAMP relative to arrestin2. Meta- and para- fluorine substitution at this 

site led to analogs with decreased PAM activity (6b and 6c).  

 

 

 

 

 

 

 

 

 

Page 15 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 16 

Table 1. PAM activity of fluoro-analogs of GAT211 

Compound Structure 

cAMP arrestin2 

cLogP 
EC50 (nM) EMax (%) EC50 (nM) EMax (%) 

6d (GAT211) 

 

230 (140-370) 110 ± 6.8 

940 

(540-1,800)^ 

46 ± 9.5§ 5.03 

6e 

 

130 (58-280) 120 ± 9.0 

900 

(730-1,100)^ 

37 ± 1.3§ 5.16 

 

6f 
 

191 (96-380) 130 ± 8.5 740 (540-990)^ 23 ± 1.2§ 5.16 

6g 

 

110 (59-190) 120 ± 6.0 

1,100 

(880-1,300)^ 

38 ± 1.3§ 5.16 

6h  

 

22 (8.4-58)* 120 ± 6.1 750 (630-880)^ 45 ± 1.3§ 5.16 

6i  

 

1400 

(1,100-1,700)* 

140 ± 6.2 710 (417-1,210) 

7.0 ± 

0.54†††,§ 

5.16 
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6j  

 

80 (29-220) 140 ± 13† 

1,300 

(1,100-1,600)^ 

55 ± 2.0§ 5.16 

6k  

 

1,600 

(1,200-2,300)* 

120 ± 6.2 >10,000 

-2.2 ± 

6.7†††,§ 

5.16 

6a  

 

43 (28-66)* 110 ± 3.6 

1,060 

(840-1,300)^ 

63 ± 2.3§ 5.16 

6b  

 

730 (280-1,900) 130 ± 18 

2,500 

(1,200-5,400) 

19 ± 3.3†,§ 5.16 

6c  

 

440 (280-700) 110 ± 6.6 >10,000 8.0 ± 2.7†††,§ 5.16 

6l  

 

58 (34-97)* 110 ± 5.0 

1,140 

(870-1,500)^ 

54 ± 2.8§ 5.3 
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6m  

 

21 (14-30)* 100 ± 3.2 680 (580-790)^ 76 ± 1.8††† 

5.3 

 

 

6r  

 

28 (16-49)* 93 ± 4.2 750 (570-980)^ 71 ± 3.3 5.43 

6s  

 

 

9.1 (3.4-24)* 93 ± 4.9 510 (340-760)^ 82 ± 4.8†† 5.43 

6n  

 

1,300 

(330-6,000) 

47 ± 5.6††† 

1,100 

(890-1,300) 

32 ± 0.99 5.3 

6o  

 

270 (190-380) 121 ± 5.4 

700 

(440-1,100)^ 

27 ± 1.9§ 5.3 

6p  

 

1,150 

(430-3,100)* 

91 ± 12 

2,100 

(1,800-2,600) 

56 ± 2.0§ 5.43 
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6q  

 

230 (160-340) 110 ± 5.3 

1,100 

(910-1,400)^ 

43 ± 1.6§ 5.43 

CB1 PAM activity was quantified for cAMP inhibition using the DiscoveRx HitHunter assay (CHO hCB1R) in cells 

treated with CP55,940 at EC20 + GAT211 analog for 30 min, and for arrestin2 recruitment using the DiscoveRx 

PathHunter assay (CHO hCB1R) in cells treated with CP55,940 at EC20 + GAT211 analog for 90 min. Data were fit 

to a variable slope (4 parameter) non-linear regression in GraphPad (v. 7). Data are mean with 95% confidence interval 

(CI) (EC50) or mean ± SEM, n = 1-3 independent experiments performed in duplicate. Statistical analyses were by 

non-overlapping CI or two-way ANOVA followed by Bonferroni’s post-hoc test. *P < 0.05 relative to GAT211 within 

assay; ^P < 0.05 relative to cAMP assay within compound; †P < 0.05, ††P < 0.01, †††P<0.001 relative to GAT211 

within assay; §P < 0.001 relative to cAMP assay within compound. 

These GAT211 fluoro-walk data demonstrate the importance of the fluorine moiety and identified 

positions of active sites in each of the parent compound’s rings (Sites I, II, and III) that can tolerate 

substitution without compromising biological activity as CB1R PAMs and, in some cases, that 

enhance activity and alter signaling bias between cAMP vs. arrestin2 recruitment.  

To evaluate the potential for the cumulative effect of multiple fluoro-substitutions that were well 

tolerated at each site studied, we synthesized a series of four di-fluoro GAT211 analogs (6l-o). The 

di-fluoro analogs 6l and 6m were more potent and efficacious hCB1R PAMs than the parent 

compound 6d and retained cAMP-selectivity, with 6m (C7 fluorinated analog) the more-potent of 

the two. In contrast difluoro analogs 6n (cAMP: EC50 = 1,300 nM, Emax = 47%, arrestin2: EC50 = 

1,100 nM, Emax = 32%) and 6o (cAMP: EC50 = 270 nM, Emax = 121%, arrestin2: EC50 = 700 nM, 

Emax = 27%) exhibited reduced activity. The tri-fluoro analogs 6r (cAMP: EC50 = 28 nM, Emax = 

93%; arrestin2: EC50 = 750 nM, Emax = 71%) and 6s (cAMP: EC50 = 9.1 nM, Emax = 93%; 
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arrestin2: EC50 = 510 nM, Emax = 82%), were highly potent and fully efficacious CB1R PAMs 

relative to 6d with notable bias towards cAMP inhibition relative to arrestin2 recruitment.   

 

Unlike 6r and 6s, the tri-fluoro analogs 6p and 6q (para-substitution at Site III) exhibited unaltered 

or reduced PAM activity relative to parent compound 6d. These combined data are congruent with 

the SAR of the mono-fluoro and di-fluoro analogs and lead to the general conclusion that fluoro-

substitution at the para-position of Site III on the GAT211 scaffold is poorly tolerated. 

Similar to GAT211 (6d), some 40-70% of active pharmaceuticals exhibit poor aqueous solubility, 

a property which would compromise oral bioavailability without, for example, a suitable excipient 

or delivery system such as those that have been recognized and approved by regulatory authorities. 

49 With this in mind, we synthesized and profiled several nitrogen-walk analogs of 6d for their 

PAM activity in the cAMP-inhibition and arrestin2-recruitment assays and calculated their 

solubility with the aim of reducing lipophilicity (i.e., improving aqueous solubility) while 

maintaining, if not improving, potency (Table 3).  

The lack of activity exhibited by all aza compounds 9f-i at Site I indicates that the polarity of the 

nitrogen substitution in Site I is not tolerated, suggesting that this region of the molecule interacts 

with hydrophobic residues in hCB1R. Notably, compound 9i demonstrated a huge increase in 

aqueous solubility compared to any other aza-analog from this series.  
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Table 2. PAM activity of aza-analogs of GAT211 

Compound Structure 

cAMP arrestin2 

cLogP 

Thermodyna

mic Aqueous 

solubility 

EC50 

(nM) 

EMax 

(%) 

EC50 

(nM) 

EMax 

(%) 
μM 

μg/

mL 

6d  

 

230 (140-

370) 

114 ± 6.8 

940 

(540-

1,800)^ 

46 ± 9.5§ 5.03 7.8 2.7 

9f  

 

>10,000 81 ± 4.4 

1,600 

(1,300-

2,000) 

30 ± 1.1§ 4.16 11.2 3.8 

9g  

 

> 10,000 

4.0 ± 

2.5††† 

>10,000 2.8 ± 2.4 3.91 23.6 8.1 

9h  

 

450 (47-

4,200) 

5.2 ± 

3.5††† 

>10,000 

5.1 ± 

0.35 

3.91 6.8 2.3 

9i  

 

1,100 

(1,100-

1,700)* 

39 ± 12† >10,000 

7.0 ± 

0.89 

4.16 159.0 54.6 
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9d  

 

1,100 

(630-

1,700)* 

150 ± 12 >10,000 

9.2 ± 

8.7§ 

3.91 4.9 1.7 

9e  

 

3,100 

(1,400-

6,700)* 

88 ± 18 

 

1,600 

(980-2,700) 

 

19 ± 1.7§ 3.91 2.1 0.7 

9a  

 

260 (140-

480) 

130 ± 7.8 >10,000 

5.8 ± 

3.8§ 

4.15 2.8 1.0 

9b  

 

3,100 

(634-

15,000)* 

 

170 ± 39 >10,000 

-8.1 ± 

7.9§ 

3.91 1.1 0.4 

9c  

 

510 (330-

780) 

110 ± 6.4 

4,000 

(2,200-

7,500)^ 

25 ± 4.4§ 3.91 36.7 12.6 

9j  

 

1,900 

(630-

3,700)* 

95 ± 16 >10,000 

-1.4 ± 

2.7§ 

4.28 -- -- 
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PAM activity was quantified for cAMP inhibition using the DiscoveRx HitHunter assay (CHO hCB1R) in cells treated 

with CP55,940 at EC20 + GAT211 analog for 30 min, and for arrestin2 recruitment using the DiscoveRx PathHunter 

assay (CHO hCB1R) in cells treated with CP55,940 at EC20 + GAT211 analog for 90 min. Data were fit to a variable 

slope (4 parameter) non-linear regression in GraphPad (v. 7). Data are mean with 95% confidence interval (CI) (EC50) 

or mean ± SEM, n =1- 3 independent experiments performed in duplicate. Statistical analyses were by non-overlapping 

CI or two-way ANOVA followed by Bonferroni’s post-hoc test. *P < 0.05 relative to GAT211 within assay; ^P < 

0.05 relative to cAMP assay within compound; †P < 0.05, ††P < 0.01, †††P<0.001 relative to GAT211 within assay; 

§P < 0.001 relative to cAMP assay within compound.  

Similarly, aza-substitution of the aromatic ring at Site II (9d, 9e) reduced potency and efficacy 

relative to the GAT211 parent 6d. Among the Site III aza analogs tested, 9a (ortho-substitution) 

was the only analog that retained hCB1R PAM potency or efficacy in the cAMP inhibition assay 

(cAMP: EC50 = 260 nM; Emax = 130%; arrestin2: EC50 >10 µM) compared to 6d. Whereas other 

Site-III aza substitutions were not well tolerated (9b, 9c).  

A fluoro-aza-hybrid compound (9j) was synthesized bearing the well-tolerated Site-III aza ortho-

substitution observed in 9a and the fluoro ortho-substitution observed in 6a. However, 9j displayed 

reduced potency and efficacy in both cAMP and arrestin2 assays compared to parent 6d and both 

6a and 9a (Table 2). Interestingly, it had improved aqueous solubility over the parent compound 

6d. In comparison with parent compound GAT211, there was also a significant decrease in the 

liver microsomal clearance of compound 6s in both human and rat (Table 3). Thus, these functional 

activity-based SAR study identified, the two tri-fluoro compounds 6r and 6s as the potent CB1R 

ago-PAMs with improved metabolic stability and compound 9j as a moderate PAM with improved 

aqueous solubility over the parent compound 6d.  
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Table 3. Metabolic stability and kinetic aqueous solubility of GAT211(6d), 6r, 9j and 6s.  

Compound 

Human Rat Kinetic 

aqueous 

solubility 

(M) 

microsomal 

Clint 

(µL/min/mg 

protein) 

t1/2 (min) 

microsomal 

Clint 

(µL/min/mg 

protein) 

t1/2 (min) 

GAT211 (6d) 81.2 28.4 368 6.27 1.56 

6r 44.9        51.5 248 9.31 1.56 

9j 84.5 27.4 556 4.08 3.13 

6s 44.4 52.1 94.0 24.6 1.56 

 

Further in vitro and in vivo Characterization: 

Agonism and positive allosteric modulation in HEK293 cells: 

Following our initial SAR assessment, the key analogs 6r, 6s, and 9j were characterized for cAMP 

inhibition in HEK293 cells stably expressing GFP-tagged rat CB1R (GFP-rCB1R). As with our 

initial assessment, cells were treated with compound for 30 min; unlike the initial assessment, 

however, cAMP levels were quantified via time-resolved fluorescence resonance energy transfer 

(TR-FRET) in a distinct cell line for both agonist activity (Fig. 2) and concentration-dependent 

PAM activity (Table 4; Fig. 3).  
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Figure 2. Agonist effect of cAMP inhibition for 6r, 9j, and 6s. HEK293 cells stably-expressing GFP-rCB1R were 

treated with 1 pM – 10 μM key compounds alone for 30 min in the presence of 5μM Forskolin and cAMP inhibition 

was measured. Data are expressed as % Forskolin response and were fit to a nonlinear regression (4 parameter model, 

GraphPad v. 7) for statistics in Table 4. Data are mean ± S.E.M., n ≥ 3 independent experiments performed in triplicate. 

 

Compounds 6r and 6s both displayed greater potency and efficacy as allosteric agonist than the 

parent compound 6d for cAMP inhibition (Table 4; Fig. 2). 9j displayed greatly reduced agonist 

activity relative to GAT211 (Table 4; Fig. 2) as observed in the initial assessment. Increasing 

concentrations of all ago-PAMs produced a demonstrable downward and leftward shift in the 

CP55,940-dependent concentration-response curve, as expected for a CB1R ago-PAM. The 

magnitude of both potency and efficacy shift was greatest for 6r and 6s and least for 9j (Table 4; 

Fig. 3).  For both agonist and PAM activity evaluations, 6s was slightly, but not significantly, more 

potent than 6r, which was consistent with initial SAR evaluations (Tables 1, 2). 
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Figure 3. Positive allosteric modulation of cAMP inhibition for 6r, 9j, and 6s. HEK293 cells stably-expressing GFP-

rCB1R were treated with 1 pM – 10 μM CP55,940 and 10, 30, 100, or 300 nM GAT compounds alone for 30 min in 

the presence of 5μM Forskolin and cAMP inhibition was measured. Data are expressed as % Forskolin response and 

were fit to a nonlinear regression (4 parameter model, GraphPad v. 7) for statistics in Table 4. Data are mean ± S.E.M., 

n ≥ 3 independent experiments performed in triplicate. 

 

Radioligand binding and GTPS assay: The parent compound GAT211 (6d) was previously 

shown to enhance the binding of [3H]CP55,940 and reduce the binding of [3H]SR141716A at 

hCB1R in membranes isolated from CHO cells stably-expressing hCB1R.25 This paradoxical 

enhancement of agonist binding and  
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Figure 4. Effect of 6r, 9j, and 6s on the binding of a) 1 nM [3H]SR141716A or b) [3H]CP55,940 to membranes 

obtained from CHO cells stably-expressing human CB1R; or the binding of [35S]GTPS to G protein in membranes 

obtained from CHO cells stably-expressing human CB1R and treated with c) CP55,940 and 1 μM GAT compound, 

or d) GAT compound alone. Ki (nM) and EC50 (nM) are mean with 95% CI. EMax data are mean ± SEM. Data were fit 

to a variable slope (4 parameter) nonlinear regression model, mean ± SEM, n = 4-6 independent experiments 

performed in duplicate. ***P < 0.001 Student’s one sample t-test. 

displacement of antagonist binding has been observed for all other CB1R allosteric modulators 

described to date, including the NAMs Org27569 and PSNCBAM-1. The tri-fluorinated 

compounds 6r and 6s reduced [3H]SR141716A binding at hCB1R with low nanomolar affinities 
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of 4.8 nM and 5.2 nM, respectively (Fig. 4a) in accordance with their high potency and efficacy in 

vitro (Table 1). The aza-fluoro-hybrid 9j reduced [3H]SR141716A binding in the micromolar 

range (2.3 µM; Fig. 4a). Compounds 6r, 6s, and 9j enhanced [3H]CP55,940 binding to hCB1R 

similar to 6d (Ki = 88 nM for 6r, Ki = 94 nM for 6s, Ki = 110nM for 9j) (Fig. 4b). Compounds 6r, 

6s, and 9j at 1M concentration significantly increased CP55,940-dependent G-protein coupling 

(0.1 and 1 nM)  (Fig. 4c). Both 6r and 6s enhanced G-protein coupling with nanomolar potency 

(EC50 = 47 nM for 6r, Ki = 33 nM for 6s), whereas 9j was less potent than the parent compound 

(EC50 = 170 nM for 9j) when tested alone (Fig. 4d). These data support a SAR-driven correlation 

between potent CB1R PAM activity, enhancement of agonist binding, and reduction of antagonist 

binding.  

Agonism, positive allosteric modulation, and bias in CHO cells: Our initial assessments of 

CB1R-dependent PAM activity utilized a high throughput screening approach to gather 

preliminary data in the presence of CP55,940 at EC20 for cAMP inhibition at 30 min and arrestin2 

recruitment at 90 min. Given the potential for our compounds to exhibit mixed agonist/PAM 

activity (i.e. ago-PAMs), it was important to assess their bias and PAM activity at a higher 

concentration of orthosteric agonist, because the bias activity of PAMs – particularly ago/PAMs – 

may change as a function of orthosteric agonist concentration.50 Further, we needed to have greater 

statistical power for assessing ligand bias between cAMP inhibition and arrestin2 recruitment. 

Therefore, the lead ago-PAMs (6r, 6s, and 9j) were assessed with greater power (n ≥ 6) (i) alone 

to quantify intrinsic agonist activity, (ii) in the presence of 100 nM CB1R agonist (CP55,940) to 
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Table 4. Agonist activity and PAM-dependent shift in CP55,940 potency and efficacy for lead 

GAT211 derivative compounds.  

Compound Agonist 

Activity 
EC50 (nM) EMin (% Forskolin) 

CP55,940 18 ± 0.11 29 ± 3.5 

GAT211 (6d) 240 ± 0.17 39 ± 7.5 

6r 27 ± 0.11 32 ± 3.5 

9j 690 ± 2.6 55 ± 8.4 

6s 26 ± 0.13 30 ± 3.9 

Positive Allosteric Modulator Activity  

CP55,940 EC50 (nM) at Log[Compound] M 

Compound  Vehicle (0) -8 -7.5 -7 -6.5 ∆EC50 (nM) 

GAT211 (6d) 

22 ± 6.0 

17 ± 0.92 17 ± 2.6 17 ± 5 17 ± 1.7 -5.1 ± 4.6 

6r 20 ± 2.6 27 ± 11 19 ± 11 10 ± 7.5 -12 ± 5.7 

9j 22 ± 10 20 ± 5.9 18 ± 1.9 17 ± 3 -4.9 ± 3.8 

6s 14 ± 3.8 12 ± 3.5 10 ± 3.9 9.0 ± 2.0 -12 ± 8.0 

CP55,940 EMax (% Forskolin) at Log[Compound] M 

Compound  Vehicle (0) -8 -7.5 -7 -6.5 ∆EMax (% Forskolin) 

6d 

100 ± 6.4 

101 ± 7.4 100 ± 11 82 ± 6.7 75 ± 11 25 ± 3.0 

6r 76 ± 6.4 58 ± 9.2 46 ± 6.6 32 ± 4.7 68 ± 4.3 

9j 101 ± 9.0 108 ± 13 103 ± 12 83 ± 9.3 17 ± 10 

6s 74 ± 5.7 63 ± 3.7 52 ± 1.5 33 ± 13 67 ± 15 

Compound activity was quantified for cAMP inhibition in cells treated with 10 - 300 nM GAT compound + CP55,940. 

Data were fit to a variable slope (4 parameter) non-linear regression in GraphPad (v. 7). n ≥ 3 independent experiments 

performed in triplicate from Figures 2 and 3. EMin from figure 2 refers to the lower plateau (i.e. bottom) of the 

concentration-response curves observed with high concentrations of compound. EMax from Figure 3 refers to the 

upper plateau (i.e. top) of the concentration-response curves observed at low concentrations of orthosteric agonist 

CP55,940. Data are expressed as the difference between the agonist (CP55,940) alone and the maximal concentration 

of GAT compound used, mean ± SEM. 

 determine the extent of PAM enhancement at greater orthosteric agonist concentrations, (iii) at 

matched time points (90 min for both cAMP inhibition and arrestin2 recruitment), and (iv) for 

signaling bias. cAMP inhibition data were normalized to % compound maxima for each respective 

compound in order to fit data to the operation model and estimate signaling bias (Table 4; Fig. 5). 

Compounds 6r, 6s, and 9j each directly activated CB1R-dependent cAMP inhibition (90 min), 

Page 29 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 30 

with 6s having greater potency than 6r, and 9j displaying low potency (Table 4; Fig. 5a). 6r, 6s, 

and 9j minimally enhanced CB1R-dependent arrestin2 recruitment alone (Table 4; Fig. 5b). 

When these data were fit to the operational model, 6r and 6s displayed agonist bias toward cAMP 

inhibition in a similar manner to the parent compound 6d (Table 5; Fig. 5c). In the presence of 100 

nM CP55,940, 6r, 6s, and 9j each compound enhanced CB1R agonist-dependent cAMP inhibition 

with 6r and 6s displaying low nanomolar potency exceeding that of CP55,940 (Table 4; Fig. 5d). 

In the presence of 100 nM CP55,940 and at 90 min, 6r and 6s promoted CP55,940-dependent 

arrestin2 recruitment at concentrations ≥ 190 nM and 3.5 µM, respectively, whereas 9j did not 

(Table 5; Fig. 5e). From these data, 6r and 6s, but not 9j, display bias toward cAMP inhibition 

when CP55,940 is the agonist similar to the parent compound 6d (data fit to operational model; 

Table 5; Fig. 5f). These data show 6r and 6s as being highly biased for cAMP inhibition at high 

orthosteric agonist concentrations and matched time points, and that their PAM activity is 

demonstrable across a wide range of orthosteric agonist concentrations.49 The observed cAMP 

inhibition signaling bias of 6r and 6s has important potential biological implications because Gi/o-

biased inhibition of cAMP has previously been shown to enhance CB1R-dependent cell viability 

whereas arrestin2-biased ligand treatment is associated with CB1R downregulation and reduced 

cell viability.29 Thus, the observed bias in favor of cAMP inhibition of 6r and 6s may be an 

advantageous property of these compounds. Data for compounds 6r and 6s are in accordance with 

observations made in our initial high thru-put screen, radioligand binding, G protein-coupling, and 

cAMP inhibition in HEK293 cells because each compound consistently displayed ago-PAM 

activity and 6s was consistently and slightly more potent. Compound 9j displayed greater PAM 

potency in HEK293 cell cAMP inhibition (Table 4; Fig. 3) and CHO cell [35S]GTPS and cAMP 

inhibition assays with a longer treatment time and higher CP55,940 concentration (Table 5; Fig. 
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4, 5) than in our initial screen (Table 2). These distinctions likely reflect inter-assay differences in 

ligand equilibration time, orthosteric ligand concentration, and receptor density and serve to 

underscore the importance of thoroughly profiling novel allosteric ligands in multiple assay 

systems.19,25,50 Moreover, the ability of 6r and 6s to produce CB1R PAM effects over a wide range 

of agonist concentrations, with multiple orthosteric agonists utilized throughout our study, and in 

different model systems, are evidence for robust modulatory activity which is not limited by probe 

dependence or a narrow orthosteric agonist concentration range.25,29 

 

Figure 5. (a-c) CHO cells stably-expressing hCB1R were treated with 0.10 nM – 10 μM GAT compounds alone for 

90 min and cAMP inhibition (a) or βarrestin2 recruitment was measured (b). Compound agonist bias between cAMP 

inhibition and βarrestin2 recruitment (ΔΔLogR (cAMP - βarr2)] is shown in c. (d-f) CHO cells stably-expressing 

hCB1R were treated with 100 nM CP55,940 + 0.10 nM – 10 μM GAT compounds for 90 min and cAMP inhibition 

(d) or βarrestin2 recruitment was measured (e). Compound PAM bias between cAMP inhibition and βarrestin2 

Page 31 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 32 

recruitment (ΔΔLogR (cAMP - βarr2)] is shown in f. cAMP data are expressed as % Forskolin response within 

compound treatment. βarrestin2 recruitment data are expressed as % CP55,940 response. Data were fit to a nonlinear 

regression (4 parameter model, GraphPad v. 7) for statistics in Table 5; or fit to the operational model (eq. 1) to 

calculate bias (c,f). Data are mean ± S.E.M. or 95% CI (c,f), n ≥ 6 independent experiments performed in triplicate. 

Table 5. Agonist and PAM activity of lead GAT211 derivative compounds. 

  

cAMP  

Vehicle + 100 nM CP55,940 

Compound  EC50 (nM)  

EMin  

(% Compound Max)  EC50 (nM)  

EMin  

(% Compound Max)  

GAT211 (6d) 78 (22 - 270) 1.8 ± 8.5 8.1 (6.1 – 17) 21 ± 5.3 

6r 4.3 (1.4 - 13) 4.2 ± 0.69 2.2 (0.48 – 9.7) 9.0 ± 0.72 

9j >10,000 6.9 ± 2.8 14 (8.4 - 26) 11 ± 3.7 

6s 3.9 (1.8 – 8.7) 18 ± 4.1 1.7 (0.46 – 6.4) 10 ± 1.7 

  

arrestin2  

Vehicle + 100 nM CP55,940 

Compound  EC50 (nM)  EMax (% CP55,940)  EC50 (nM)  EMax (% CP55,940)  

GAT211 (6d) 1,200 (510 – 2,700) 27 ± 3.2 200 (130 – 310) 72 ± 1.7 

6r 1,600 (750 – 6,500) 34 ± 6.4 190 (120 – 320) 130 ± 4.6 

9j 3,300 (800 - 6,200) 23 ± 10 > 10,000 24 ± 1.7 

6s > 10,000 25 ± 7.6 

3,500  

(1,600 – 7,600) 130 ± 12 

Compound activity was quantified for cAMP inhibition using the DiscoveRx HitHunter assay (CHO hCB1R) in 

cells treated with GAT compound alone or 100 nM CP55,940 + GAT compound for 90 min, and for arrestin2 

recruitment using the DiscoveRx PathHunter assay (CHO hCB1R) in cells treated with GAT compound alone or 

100 nM 100 nM CP55,940 + GAT compound for 90 min. Data were normalized to % Forskolin response within 

each compound treatment for cAMP ± S.E.M.; or % CP55,940 relative to baseline ± S.E.M. and fit to a variable 

slope (4 parameter) non-linear regression in GraphPad (v. 7). n ≥ 6 independent experiments performed in 

triplicate. EC50 (nM) data are mean with 95% confidence interval (CI); EMin and EMax data for GAT compound 

alone (‘Vehicle’) and ‘+ 100 nM CP55,940’ are expressed as % Forskolin (cAMP) or % CP55,940 (arrestin2) ± 

SEM. Data are from figure 5. 
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Electrophysiology Characterization of three ago-PAMs in autaptic hippocampal neurons: 

We made use of cultured excitatory autaptic hippocampal neurons. We have previously shown that 

these neurons can be stimulated to produce depolarization-induced suppression of excitation 

(DSE), a form of retrograde inhibition that is mediated by endocannabinoid 2-AG, and that 

requires CB1R51.  Because 2-AG is not tonically released in autaptic neurons51, a PAM is not 

expected to directly inhibit synaptic transmission but should enhance the 2-AG mediated DSE 

response.  We found that 6r and 6s strongly inhibited excitatory postsynaptic currents (EPSCs) 

independent of endocannabinoid production in all autaptic neurons that tested (Fig. 6A,F, Relative 

EPSC charge after 6r (1M): 0.52 ± 0.11, n=4; 6s (1M): 0.49 ± 0.05, n=5; p<0.05, one-tailed t-

test vs. 1.0).  This substantial inhibition of EPSCs by 6r and 6s occluded cannabinoid signaling 

and is consistent with action as an agonist.  In contrast, 9j also directly inhibited EPSCs, but to a 

lesser extent than 6r or 6s (Fig. 6C, Relative EPSC charge after 9j (1M) in WT: 0.70 ± 0.09, n=5; 

p<0.05, one-tailed t test vs. 1.0).  Because 9j did not fully occlude DSE, we were able to assess 

the impact of 9j on DSE responses (e.g., Fig. 6E), finding that DSE was enhanced by 9j.  This 

signaling profile of EPSC inhibition combined with enhancement of DSE is consistent with action 

as an ago-PAM.  
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Figure 6. Electrophysiology Studies on 6r, 9j and 6s. A) Averaged direct inhibition of EPSCs upon 1μM 6r 

application.  B) Sample time course showing inhibition of EPSCs upon treatment with 6r.  C) Averaged direct 

inhibition of EPSCs upon 1μM 9j application.  D) Sample time course showing inhibition of EPSCs upon treatment 

with 9j.  E) Sample DSE time course from a cell showing an enhanced DSE response after 9j treatment, consistent 

with a PAM-like response.  F) Averaged direct inhibition of EPSCs upon 1μM 6s application.  G) Sample time course 

showing inhibition of EPSCs upon treatment with 6s.  
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In vivo effects of 9j on the modulation of intraocular pressure:  

Cannabinoids and endocannabinoids that activate CB1R such as THC, CP55,940, WIN55,212-2 

(WIN) and 2-AG produce a reduction in IOP.52-54 We tested the ability of 9j to modulate IOP in 

ocular normotensive and hypertensive NEE mice. The NEE mice have a 1 base pair deletion in 

Sh3pxd2b gene, and exhibit several structural deformities, that also affect the eyes and lead to the 

development of elevated IOP. The effect of 9j was tested at 1, 6, and 12 hours following topical 

administration in both normotensive and NEE, as we previously demonstrated that another PAM 

GAT229 lowers IOP at these time points.28 We also used the orthosteric CB1 ligand WIN both 

alone or administered in combination with 9j, to determine whether IOP reduction is mediated 

through CB1R. Previous studies in ocular normotensive animals demonstrated that the 

subthreshold concentration of topically applied CB1 ligand WIN (0.25%) does not affect IOP, 

while 1% WIN decreases IOP; however, this effect is short lasting.28  In this study, we showed that 

when subthreshold 0.25% WIN was co-administered with 0.2% 9j the IOP was significantly 

reduced at all time points tested (P 0.05, -0.7  0.2, -0.6  0.3 and 0.1  0.2 mmHg from baseline, 

respectively, n=5; Figure 7A). To determine whether 9j will be effective in the reduction of IOP 

under pathological conditions, where endocannabinoid tone may be altered, i.e., increased, we 

used ocular hypertensive NEE mice. 52, 55-57 Topical 0.2% 9j alone significantly decreased IOP at 

1- and 6-hours post-administration (P0.05, -2.5  1 and -3.6  1 mmHg from baseline, n=5; Figure 

7B) and was no longer present at 12 hours.  This finding indicates that 9j potentiates the effect of 

WIN and prolongs its action in normotensive mice, and additionally that 9j is able to directly 

reduce IOP in a pathological setting in the ocular hypertensive NEE mice.  
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 (A) 

 

(B) 

 

Figure 7: Effects of topical administration of PAM 9j on IOP. A)  Acute treatment with 9j (0.2%) 

potentiates the IOP lowering effect of WIN (0.25%) in normotensive mice (n=5) at 1, 6 and 12 hrs 

after administration. B) 9j (0.2%) significantly decreased IOP in ocular hypertensive NEE mice at 

1 and 6 hrs after administration (n=6). Values are represented as a change in IOP (means ± SEM) 

from the baseline (time 0). Paired t-tests, P<0.05. 
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In vivo testing of 6r and 6s in an animal model of pain: 

Complete Freund’s adjuvant (CFA) reduced mechanical paw withdrawal thresholds in the injected 

paw, consistent with the development of mechanical allodynia (F2, 15=43.008 p=0.001; Fig. 8A). 

Both 6r and 6s dose-dependently increased mechanical paw withdrawal thresholds in the CFA-

injected (ipsilateral) paw (F14, 105=6.451, p=0.001; Fig. 8A) without altering paw withdrawal 

thresholds in the contralateral paw (F2, 15=1.325 p=0.295; Fig. 8B). Doses of 6r and 6s, ranging 

from 3-30 mg/kg i.p. elevated mechanical paw withdrawal thresholds relative to groups receiving 

the vehicle at the same times (Fig. 8A; p < 0.05 for each comparison).   Moreover, doses of 6r and 

6s below 0.3mg/kg i.p. did not alter mechanical paw withdrawal thresholds relative to vehicle 

(p≥0.229) (Fig. 8A). Both 6r and 6s, at doses of 30 mg/kg i.p., maximally suppressed CFA-induced 

inflammatory pain and, consequently, the duration of action was evaluated using this dose.  Both 

6r and 6s (30 mg/kg i.p.) increased mechanical paw withdrawal thresholds in a time-dependent 

manner in the CFA-injected paw (F2, 14=26.322, p=0.001; Fig. 8C) without altering paw 

withdrawal thresholds in the contralateral paw (Fig. 8D).  Bonferroni post hoc tests revealed that 

both 6r (30 mg/kg i.p.) and 6s (30 mg/kg i.p.) increased mechanical paw withdrawal threshold at 

30 min post-injection (p<0.001) but anti-allodynic efficacy was no longer present at 4 h post 

injection compared with the vehicle group (p=1 for 6r; p=0.107 for 6s, respectively) (Fig. 8C). 

Post hoc comparisons failed to reveal reliable differences in mechanical paw withdrawal 

thresholds in the CFA-injected paw of mice receiving 6r and 6s across the entire observation 

interval. Planned comparisons, nonetheless, revealed that 6s produced greater anti-allodynic 

efficacy than 6s at 4 h post injection (p=0.006; two-tailed t-test), suggesting that 6s may exhibit a 

longer duration of action relative to 6r. Neither 6r (30 mg/kg i.p.) nor 6s (30 mg/kg i.p.) suppressed 

CFA-induced mechanical allodynia in the ipsilateral paw of CB1KO mice (F2, 14=0.011, p=0.989;  
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Figure 8: The CB1 positive allosteric modulators 6r and 6s suppress CFA-Induced mechanical allodynia. (A, B) Both 

6r (0.1, 0.3, 1, 3, 10 and 30 mg/kg i.p.) and 6s (0.1, 0.3, 1, 3, 10 and 30 mg/kg i.p.) increase mechanical paw withdrawal 

thresholds in the paw ipsilateral (A) but not contralateral (B) to CFA injection.  (C, D) Both 6r (30 mg/kg i.p.) and 6s 

(30 mg/kg i.p.) elevated mechanical paw withdrawal thresholds in the paw ipsilateral (C) but not contralateral (D) to 

CFA injection with efficacy observed over at least 2.5 h post injection. (E, F) Neither 6r nor 6s altered mechanical 

paw withdrawal thresholds in CB1 KO mice in the paw ipsilateral (E) or contralateral (F) to CFA injection. 

Fig. 8E). Thus, the antiallodynic effects of 6r and 6s in WT were dependent upon CB1R activation. 

None of the pharmacological manipulations altered mechanical paw withdrawal thresholds in the 
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contralateral paw in either WT (F2, 14=0.341 p=0.717; Fig. E) or CB1 KO animals (F2, 14=0.015 

p=0.985; Fig. 8F).  

Our studies suggest that the CB1R ago-PAMs 6r and 6s suppress established mechanical allodynia 

in the CFA model of inflammatory nociception. Both compounds attenuated behavioral 

hypersensitivity induced by the inflammatory challenge in the ipsilateral paw, without altering 

basal nociceptive thresholds in the non-injected contralateral paw. These observations indicate that 

the CB1R ago-PAMs reversed sensitization without producing analgesia, consistent with our 

previous observations using 6d in the same pain model.27 Moreover, anti-allodynic efficacy was 

mediated by CB1R for each ligand. Neither 6r nor 6s altered mechanical paw withdrawal 

thresholds in CB1R KO mice, demonstrating that anti-allodynic efficacy was dependent upon 

CB1R activation. Moreover, CB1R KO mice showed the characteristic development of CFA-

induced allodynia, consistent with our previously published work 58, 59. Both 6r and 6s exhibit a 

longer duration of anti-allodynic efficacy than 6d.60. We previously reported that the anti-allodynic 

efficacy of 6d was maximal at 30 min post-injection, present at 1.5 h but absent at 2.5 h post 

injection in the same CFA model of inflammatory nociception.27 Post hoc comparisons failed to 

reveal differences between 6s and 6r in our study, suggesting that the compounds showed similar 

efficacies and time courses. However, at 2.5 h post injection 6s exhibited greater antinociceptive 

efficacy than 6r, which could reflect a longer duration of action of 6s versus 6r. 

 

In vivo assessment – Catalepsy, Hypothermia, and Anti-nociception Tests 

Male C57BL/6 mice were treated with increasing doses of 6r, 6s, or 9j to determine whether these 

compounds produced acute catalepsy, hypothermia, or anti-nociceptive effects. Previous studies 

have demonstrated cannabimimetic effects are sufficiently observed without open field 
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assessment; therefore, locomotor effects were not assessed minimize animal handling and 

stress.22,66 6r, 6s, and 9j did not produce catalepsy or hypothermia at 0.1, 1, 3, or 10 mg/kg (i.p.) 

compared to vehicle (Fig. 9a,b). Doses > 10 mg/kg were not tested in order to limit animal usage. 

Both 6r, 6s – but not 9j– produced a dose-dependent anti-nociceptive effect in the tail flick assay 

that was significant relative to the vehicle at 3 and 10 mg/kg (Fig. 9c). Therefore, the ago-PAMs 

6r and 6s appear to augment CB1R-dependent signaling in acute treatment. Anti-nociceptive 

effects of 6d were reported previously,27 and these results are consistent with the analgesic effects 

of 6r and 6s are reported above (Fig. 8). Because 6r and 6s, but not 9j, evoked anti-nociceptive 

responses, this activity may be dependent upon the weak agonist activity of these ago-PAMs, 

rather than PAM activity. Importantly, 6r and 6s did not evoke agonist-like responses in the 

catalepsy and body temperature assays at any dose tested, whereas an orthosteric agonist capable 

of producing CB1R-dependent intoxicating responses such as CP55,940, WIN55,212-2, THC 

would produce significant catalepsy and hypothermic effects at a dose of 10 mg/kg.22,27,66 Thus, 

the ago-PAMs differ in their in vivo activity to orthosteric CB1R agonists. 

 

 

Figure 9. Effect of key CB1R ago-PAMs on catalepsy, hypothermia and tail flick test. Male C57BL/6 mice treated 

with 0.1 - 10 mg/kg compound or vehicle (1:1:18 ethanol:cremaphor:saline) and physiological assessments of 

catalepsy (5 min, % MPE 60 sec) (a), body temperature relative to vehicle (15 min, 100%) (b), and nociception in the 
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tail flick assay (52°C) (20 min, % MPE 20 sec) (c). n = 5-6, data are mean ± SEM. *P < 0.05, **P < 0.01 6r compared 

to vehicle; ^P < 0.05, ^^^P < 0.001 6s compared to vehicle as determined via two-way ANOVA followed by Tukey’s 

post-hoc test. 

SAR explanation using the computational model: 

Recently we reported the identification of distinct allosteric agonist and PAM binding sites at the 

CB1R using Force-Biased MMC Simulated studies.61 Our studies suggest that GAT228, CB1R 

allosteric agonist binds in an intracellular (IC) TMH1-2-4 exosite that would allow this compound 

to be an agonist as well as a PAM whereas GAT229, CB1R PAM binds to a distinct site at the 

extracellular (EC) ends of TMH2/3, just beneath the EC1 loop. Since we observed super enhanced 

allosteric agonist activity with newly synthesized compounds, we focused on binding sites of an 

allosteric agonist GAT228 (Figure 10). The indole 4-7 positions, Site I, face hydrophobic residues 

or the acyl chain region of the bilayer. The residues that line this part of the GAT228 binding 

pocket are L1.54, I1.57, L1.58, G2.44 and V2.48. The indole 6 position, which can accommodate 

a halogen atom is directly next to L1.54, I1.57, and G2.44. The indole 7 position, while able to 

accommodate fluorine or proton, is bounded by I1.57 and may not be able to accommodate a larger 

moiety. Substitution of the 4-7 position carbons with nitrogen is unfavorable. The 7 position 

substitution places the nitrogen between I1.57 and near the unprotonated nitrogen in the five-

membered ring of H2.41. The 5 position is packed tightly against hydrophobic L1.54. The 4 

position is in contact with V2.48 and lipid acyl chains. Nitrogen at the 4 position may also 

influence the low energy preferred conformation of the ligand, since the stereocenter proton may 

prefer to be near the nitrogen instead of 180 degrees away. 

The Site II phenyl when substituted with a meta- or para- nitrogen is unfavorable due to the 

nitrogen facing V4.43 or the glycerol/acyl chain region of the lower leaflet lipids. The Site III 

phenyl may accommodate ortho-nitrogen since it can be positioned next to the CH2 protons and 
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not near the nitro group itself. This allows the protons on the opposite side of the ring to form a 

tilted-T aromatic stack with the face of W4.50. A meta- substitution has the nitrogen either facing 

lipid acyl chains or the face of W4.50. A para substitution has the nitrogen packed against the face 

of W4.50. S2.45, though near GAT228, is interacting with W4.50, occluded by F4.46 and is 

unavailable to the ligand. Fluorine substitutions work well on the indole since the pocket for the 

4-7 positions is hydrophobic, and the substituted atom is similar in size to a proton. 

 

Figure 10. A) The GAT228 binding site. The indole, Site I, is deeply inserted into a hydrophobic pocket made up of 

L1.54, I1.57, L1.58, and G2.44; PDB-ID: 6N4B, B) The GAT228 binding site is rendered here in a Connolly surface 

with residues colored green if hydrophobic, cyan if polar, dark blue if positively charged, red if negatively charged, 

and gray if a glycine. Site I, II, III labels correspond to GAT211 labels shown in Figure 1. Indole atom positions 4-7 

are labeled to help the reader understand the SAR discussion. The viewpoint is the same as in panel A. 

The Site III phenyl with an ortho-fluoro substitution increases the positive partial charge on the 

protons involved with W4.50. If a meta-substitution is present, the fluorine can face away from 

W4.50, while a para-substitution is unable to avoid being near the face of W4.50. A special case 

of having an ortho-fluoro and ortho-nitrogen is unfavorable since the docked conformation of 

GAT228 will have one of the substituted atoms facing the indole pi system, and neither would 

Page 42 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 43 

prefer this. The docked conformation of that analog would have an unfavorable conformational 

cost. For GAT234, with the Site II phenyl having para-fluorine, the para-fluoro atom would be in 

the glycerol region of the bilayer, and that may not be favorable. 

 

Conclusion: CB1R is a well-established therapeutic target for the treatment of several pathologies, 

including pain, glaucoma, epilepsy, and neurodegenerative diseases. Despite decades of medicinal 

chemistry efforts and the new chemical matter so generated, orthosteric CB1R modulators 

(agonists, antagonists/inverse agonists) have met with disfavor due to demonstrated (pre)clinical 

associations with adverse events. Our previous studies established the efficacy and safety of CB1R 

ago-PAMs in treating neuropathic pain, glaucoma and Huntington’s disease in animal models. 

This work focused on identifying key sites on the 2-phenylindole scaffold of GAT211 to improve 

mixed agonist and PAM activity (ago-PAM) and drug-like physicochemical properties. Several 

new GAT211 analogs reported herein showed improved solubility and ago-PAM activity with 

good potency, efficacy, and selectivity at sub micromolar concentrations. Two key analogs, 6r and 

6s, were identified as the most potent ago-PAMs (>50-fold improved potency) and exhibited 

relative to the GAT211 lead, improved selectivity for cAMP inhibition over arrestin2 

recruitment, enhanced microsomal stability, good in vivo potency in a preclinical inflammatory 

pain model, and increased duration of action. The effects of these compounds were solely mediated 

through CB1R, as these effects were absent in CB1KO mice. A moderately acting PAM with 

improved solubility, 9j demonstrated efficacy in reducing IOP in a murine NEE glaucoma model. 

Finally, using recently characterized binding site for allosteric agonism, we accounted for the 

observed SAR trend.  These two potent CB1R ago-PAMs with improved lipophilicity and 

metabolic stability are currently being explored in vivo for treating select CNS disorders.   
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EXPERIMENTAL SECTION 

Materials and Methods: All commercial chemicals and solvents were purchased from Sigma 

Aldrich, Inc. (St. Louis, MO), Alfa Aesar, and Combi-blocks as reagent grade and unless otherwise 

specified were used without further purification. Biotage® Initiator microwave system was used 

for the synthesis of a few of the intermediates of the final covalent probes. Reaction progress was 

monitored by thin-layer chromatography (TLC) using commercially prepared silica gel 60 F254 

glass plates. Compounds were visualized under ultraviolet (UV) light or by staining with iodine, 

phosphomolybdic acid, or p-anisaldehyde reagent. Flash column chromatography was carried out 

on a Biotage® SP1, Biotage® Isolera, or Interchim purification unit using prepacked columns 

from Reveleris®, Biotage®, and Luknova. Solvents used include hexanes, ethyl acetate, acetone, 

methanol, and dichloromethane. Characterization of compounds and their purity were established 

by a combination of HPLC, TLC, mass spectrometry, and NMR analyses. NMR spectra were 

recorded in DMSO-d6, chloroform-d, or methanol-d4, on a Varian NMR spectrometer (1H NMR 

at 500 MHz and 13C NMR at 125 MHz). Chemical shifts were recorded in parts per million (δ) 

relative to tetramethylsilane (TMS; 0.00 ppm) or solvent peaks as the internal reference. 

Multiplicities are indicated as br (broadened), s (singlet), d (doublet), t (triplet), q (quartet), quin 

(quintet), sept (septet), or m (multiplet). Coupling constants (J) are reported in hertz (Hz). All test 

compounds were greater than 95% pure as determined by LC/MS analysis performed using a 

Agilent Technologies 1260 Infinity reverse phase HPLC, with a dual-wavelength UV−visible 

detector and an Agilent Technologies 6120 Quadrupole mass spectrometer (electrospray 

ionization). HRMS was done on SCIEX TOF/TOF™ 5800 System in a positive ion mode with 

delay time of 100ns. Each sample well was surveyed to find a “sweet spot”, and then 400 laser 

pulses were averaged to generate a spectrum. 
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General procedure for the preparation of fluorinated 2-phenylindoles(5e-m): 

In a 50 mL round bottom flask boronic acid (5.12 mmol), 1H-indole (3.41 mmol), palladium (II) 

acetate (0.171 mmol) were taken in 10 mL AcOH. Reaction was degassed thoroughly and stirred 

under oxygen atmosphere (balloon pressure) for 12-24 hrs. Acetic acid was evaporated under 

reduced pressure and the residue was diluted with 200 mL ice cold water. Product was extracted 

in ethyl acetate. The organic layer was washed with brine and dried over anhydrous sodium sulfate, 

filtered and concentrated under vacuum to give crude product. The reaction mixture was purified 

by flash chromatography (ethyl acetate or acetone/hexane) using GRACETM column to get pure 

product. 

4-Fluoro-2-phenyl-1H-indole (5e): Compound 5e was synthesized using above general 

procedure on 400 mg scale and purified using 10% acetone in hexane. Yield 67 % (white solid); 

1H NMR (CDCl3, 500 MHz): δ 8.41(bs, 1H), 7.66 (d, J = 5.5 Hz, 2H), 7.45 (t, J = 8.0 Hz, 2H),7.35 

(t, J = 7.5 Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H), 7.08 (td, J = 5.0, 7.5 Hz, 1H), 6.89 (d, J = 2.5 Hz, 

1H), 6.79 (dd, J = 5.5, 10.5 Hz, 1H)  

5-Fluoro-2-phenyl-1H-indole (5f): Compound 5f was synthesized using above general procedure 

on 450 mg scale and purified using 10% acetone in hexane. Yield 53% (white solid); 1H NMR 

(CDCl3, 500 MHz): δ 8.31(bs, 1H), 7.65 (d, J = 8.0 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 7.35 (tt, J = 

1.5, 7 Hz, 1H), 7.31 (dd, J = 3.5, 9.0 Hz, 1H), 7.27 (d, J = 2.5 Hz, 1H), 6.93 (td, J = 2.5, 9.5 Hz, 

1H), 6.78 (d, J = 2.5 Hz, 1H).  

6-Fluoro-2-phenyl-1H-indole (5g): Compound 5g was synthesized using above general 

procedure on 450 mg scale and purified using 10% acetone in hexane. Yield 62% (white solid);1H 

NMR (CDCl3, 500 MHz): δ 8.32 (bs, 1H), 7.63 (dt, J = 1.5, 8.5 Hz, 2H), 7.5 3(dd, J = 5.5, 9.0 Hz, 
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1H), 7.44 (tt, J = 2.0, 7.5 Hz, 2H), 7.32 (tt, J =2.0, 7.5 Hz, 1H), 7.08 (dd, J = 2.5, 9.5, Hz, 1H), 

6.89 (ddd, J = 2.5, 7.0, 11.0 Hz, 1H), 6.79 (d, J = 2.5 Hz, 1H). 

7-Fluoro-2-phenyl-1H-indole (5h): Compound 5h was synthesized using above general 

procedure on 400 mg scale and purified using 10% acetone in hexane. Yield 51% (white solid);1H 

NMR (CDCl3, 500 MHz): δ 8.41(bs, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.36 

(d, J = 8.0 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 7.0 (td, J = 5.0, 8.0 Hz, 1H), 6.89 (dd, J = 7.5, 11.5 

Hz, 1H), 6.80 (dd, J = 1.0, 2.5Hz, 1H). 

2-(2-Fluorophenyl)-1H-indole (5i): Compound 5i was synthesized using above general 

procedure on 400 mg scale and purified using 10% acetone in hexane. Yield 43% (white solid);1H 

NMR (CDCl3, 500 MHz): δ 8.88 (bs, 1H), 7.80 (td, J = 2.0, 8.0 Hz, 1H), 7.65 (dd, J = 1.0, 7.0 Hz, 

1H),  7.43 (dd, J = 1.0, 7.0 Hz, 1H), 7.30-7.26 (m,1H), 7.24-7.20 (m, 2H), 7.18 (td, J = 1.5, 7.0 

Hz, 1H), 7.13 (td, J = 1.0, 7.5 Hz, 1H), 6.95( d, J = 2.0 Hz, 1H). 

2-(3-Fluorophenyl)-1H-indole (5j): Compound 5j was synthesized using above general 

procedure on 400 mg scale and purified using 10% acetone in hexane.  Yield 77% (off white solid); 

1H NMR (CDCl3, 500 MHz): δ 8.29 (bs, 1H), 7.64 (d, J = 8.5 Hz, 1H), 7.44-7.37 (m, 3H), 7.34 

(dt, J = 1.5, 8.0 Hz, 1H), 7.21 ( d, J = 8.0 Hz, 1H), 7.12 ( t, J = 7.0 Hz, 1H), 7.01 (tt, , J = 1.5, 7.5 

Hz, 1H); 6.84 (d, J = 2.0 Hz, 1H). 

2-(4-Fluorophenyl)-1H-indole (5k): Compound 5k was synthesized using above general 

procedure on 450 mg scale and purified using 10% acetone in hexane. Yield 72% (white solid);1H 

NMR (CDCl3, 500 MHz): δ 8.24 (bs, 1H), 7.63-7.59 (m, 3H), 7.39 (d, J = 8.0 Hz, 1H), 7.20 (td, J 

=1.5, 8.0 Hz, 1H), 7.16-7.11(m, 3H), 6.76 (d, J = 2.0 Hz, 1H). 

6-Fluoro-2-(3-fluorophenyl)-1H-indole (5l): Compound 5l was synthesized using above general 

procedure on 1 gm scale and purified using 5% ethyl acetate in hexane. Yield 89% (white solid); 
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1H NMR (CDCl3, 400 MHz): 8.32 (bs, 1H), 7.54 (dd, J=5.3, 8.7 Hz, 1H), 7.44-7.37 (m, 2H), 7.32 

(d, J=9.9 Hz, 1H), 7.09 (d, J=9.4 Hz, 1H), 7.04-7.00 (m, 1H), 6.91 (t, J=9.6 Hz, 1H), 6.81 s, 1H).  

7-Fluoro-2-(3-fluorophenyl)-1H-indole (5m): Compound 5m was synthesized using above general 

procedure on 1 gm scale and purified using 5% ethyl acetate in hexane. Yield 64% (white solid); 

1H NMR (CDCl3, 400 MHz): 8.48 (bs, 1H), 7.46-7.35 (m, 4H), 7.07-7.01 (m, 2H), 6.92 (dd, J=8.2, 

11.4 Hz, 1H), 6.86 (s, 1H).  

General procedure A, for Michael addition reaction 

In a 5 mL microwave vial 2-arylindole derivative (1.0 eq.), nitro alkenes (1.3 eq.), CF3COONH4 

(0.2 eq.) were taken in of 25% aq. EtOH (2 mL). The tube was sealed and irradiated under 

microwave for an appropriate time at 100 0C under stirring.  After completion of reaction, the 

reaction mixture was diluted with cold water followed by extraction with dichloromethane (3 

times). Combined dichloromethane layer was evaporated under vacuum, the residue was purified 

by silica gel flash chromatography using GRACETM column to get pure product. 

3-(1-(2-Fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6a): Compound 6a was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 76% 

(white solid), 1H NMR (CDCl3, 500 MHz): δ 8.1 (bs, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.4-7.29 (m, 

7H), 7.19-7.13 (m, 2H), 7.06 (t, J = 8.0 Hz, 1H), 7.0-6.95 (m, 2H), 5.49 (t, J = 8.5 Hz, 1H), 5.13-

5.05 (m, 2H); HRMS: m/z calcd for C22H17FN2O2 [M + H]+, 361.1347; found, 361.1381.    

3-(1-(3-Fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6b): Compound 6b was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 80% 

(white solid) ; 1H NMR (CDCl3, 500 MHz): δ 8.13 (bs, 1H), 7.45-7.37 (m, 6H), 7.35 (d, J = 8.5 

Hz, 1H), 7.24-7.16 (m, 2H), 7.08 (t, J = 8.0 Hz, 2H), 6.97 (dt, J =2.0, 10.5 Hz, 1H); 6.88 (td, J 
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=2.5, 8.5 Hz, 1H), 5.26(t, J = 8.0 Hz, 1H), 5.13(dd, J = 12.5 Hz, J = 7 Hz, 1H), 5.10 (qd, J = 7.5, 

12.5 Hz, 2H);  HRMS: m/z calcd for C22H17FN2O2 [M + H]+, 361.1347; found, 361.1383. 

3-(1-(4-Fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6c): Compound 6c was synthesized 

using general procedure A on 450 mg scale and purified using 12% acetone in hexane Yield 86 % 

(off white solid); 1H NMR (CDCl3, 500 MHz): δ 8.16 (bs, 1H), 7.51-7.38(m, 7H), 7.29(dd, J = 

8.5, 5.5 Hz, 2H), 7.22 (t, J = 7.0 Hz, 1H), 7.13(t, J = 7.0 Hz, 1H), 6.97(t, J = 9.0 Hz, 2H), 5.28 (t, 

J = 7.5 Hz, 1H), 5.13(qd, J = 1.0, 7.5 Hz, 2H), HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 

361.1347; found, 361.1374. 

3-(2-Nitro-1-phenylethyl)-2-phenyl-1H-indole (6d, GAT211): Compound 6d was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 88% 

(white solid); 1H NMR (CDCl3, 500 MHz) δ 8.15 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.49−7.41 (m, 

5H), 7.39 (d, J = 8.0 Hz, 1H), 7.37− 7.26 (m, 4H), 7.26−7.18 (m, 2H), 7.11 (ddd, J = 1.0, 7.5, 8.5 

Hz, 1H), 5.32 (t, J = 8.0 Hz, 1H), 5.19 (dd, J = 7.5, 12.5 Hz, 1H), 5.13 (dd, J = 8.5, 12.5 Hz, 1H). 

4-Fluoro-3-(2-nitro-1-phenylethyl)-2-phenyl-1H-indole (6e): Compound 6e was synthesized 

using general procedure A on 420 mg scale and purified using 12% acetone in hexane. Yield 83% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.25 (bs, 1H), 7.47-7.40 (m, 5H), 7.29-7.20 (m, 5H), 

7.18(m, 2H), 6.83(dd, J = 7.5, 11.5 Hz, 1H), 5.32-5.23(m, 2H), 5.14(dd, J = 6.0, 12.0 Hz, 1H); 

HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; found, 361.1357. 

5-Fluoro-3-(2-nitro-1-phenylethyl)-2-phenyl-1H-indole (6f): Compound 6f was synthesized 

using general procedure A on 440 mg scale and purified using 12% acetone in hexane. Yield 74% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.08 (bs, 1H), 7.42-7.36 (m, 5H), 7.25-7.17(m, 6H), 

7.06 (dd, J = 2.0, 10.0 Hz, 1H), 6.89 (td, J =2.5, 9.0 Hz, 1H), 5.21(dd, J = 7.0, 9.0 Hz, 1H), 5.05 
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(qd, J = 6.5, 12.5 Hz, 2H), HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; found, 

361.1312. 

6-Fluoro-3-(2-nitro-1-phenylethyl)-2-phenyl-1H-indole (6g): Compound 6g was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 76% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.15 (bs, 1H), 7.47-7.41(m, 5H), 7.39 (dd, J =5.0, 

8.5 Hz, 1H), 7.31-7.24 (m, 5H), 7.07 (dd, J =2.0, 9.5 Hz, 1H), 6.87 (td, J = 2.0, 9.0 Hz, 1H), 5.31 

(dd, J = 7.5, 9.0 Hz, 1H), 5.13 (qd, J = 7.0, 13.0 Hz, 2H), HRMS: m/z calcd for C22H17FN2O2 [M 

+ H]+ , 361.1347; found, 361.1346. 

7-Fluoro-3-(2-nitro-1-phenylethyl)-2-phenyl-1H-indole (6h): Compound 6h was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 73% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.33 (bs, 1H), 7.49-7.44 (m, 5H), 7.32-7.23 (m, , 

6H), 7.02 (td, J = 4.5, 7.5 Hz, 1H), 6.93 (dd, J =8.0, 1.5 Hz, 1H), 5.30 (dd, J = 7.5, 8.5 Hz, 1H), 

5.14 (qd, J = 7.0, 12.0 Hz, 2H); HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; found, 

361.1370. 

2-(2-Fluorophenyl)-3-(2-nitro-1-phenylethyl)-1H-indole (6i): Compound 6i was synthesized 

using general procedure A on 400 mg scale and purified using 12% acetone in hexane. Yield 71% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.23 (bs, 1H); 7.46 (d, J = 8.0 Hz, 1H); 7.43-7.38(m, 

1H); 7.37-7.33(m, 2H); 7.30-7.24(m, 4H); 7.23-7.17(m, 4H); 7.08(t, J = 7.0 Hz, 1H); 5.24-5.16(m, 

2H), 5.09-5.04(m, 1H); HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; found, 361.1353. 

2-(3-Fluorophenyl)-3-(2-nitro-1-phenylethyl)-1H-indole (6j): Compound 6j was synthesized 

using general procedure A on 450 mg scale and purified using 12% acetone in hexane. Yield 81% 

(white solid); 1H NMR (CDCl3, 500 MHz): δ 8.16 (bs, 1H), 7.54 (d, J = 8.0 Hz, 1H); 7.44-7.38 
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(m, 2H), 7.35-7.28 (m, 4H), 7.26-7.20 (m, 3H), 7.16-7.10 (m, 3H), 5.31 (t, J = 7.5 Hz, 1H), 5.20-

5.13 (m, 2H); HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; found, 361.1359. 

2-(4-Fluorophenyl)-3-(2-nitro-1-phenylethyl)-1H-indole (6k): Compound 6k was synthesized 

using general procedure A on 500 mg scale and purified using 12% acetone in hexane. Yield 72% 

(white solid); 1H NMR (DMSO d6, 500 MHz): δ 11.47 (bs, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.56 (td, 

J =5.5, 9.0 Hz, 2H), 7.43-7.37 (m, 3H), 7.33-7.27 (m, 4H), 7.21 (tt, J = 1.5, 7.0 Hz, 1H), 7.11 (dd, 

J =1.0, 7.5 Hz, 1H), 6.98 (t, J = 1.0, 7.5 Hz, 1H), 5.56 (dd, J = 7.0, 13.0 Hz, 1H), 5.44 (dd, J = 9.5, 

13.0 Hz, 1H), 5.15 (t, J = 8.0 Hz, 1H); HRMS: m/z calcd for C22H17FN2O2 [M + H]+ , 361.1347; 

found, 361.1357. 

6-Fluoro-3-(1-(2-fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6l): Compound 6l was 

synthesized using general procedure A on 410 mg scale and purified using 12% acetone in hexane. 

Yield 70% (white solid); 1H NMR (CDCl3, 500 MHz): δ 8.17 (bs, 1H), 7.54-7.40 (m, 6H), 7.32(t, 

J = 8.0 Hz, 1H), 7.28-7.22 (m,1H), 7.09-7.04 (m, 3H), 6.90 (td, J =2.0, 8.5 Hz, 1H), 5.53 (t, J = 

8.0 Hz, 1H), 5.13 (d, J = 8.0 Hz, 2H); HRMS: m/z calcd for C22H16F2N2O2 [M + H]+ , 379.1253; 

found, 379.1250. 

7-Fluoro-3-(1-(2-fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6m): Compound 6m was 

synthesized using general procedure A on 400 mg scale and purified using 12% acetone in hexane. 

Yield 85% (white solid); 1H NMR (CDCl3): δ 8.35 (bs, 1H), 7.51-7.43 (m, 5H), 7.35-7.32(m, 2H), 

7.28-7.23(m, 1H), 7.08-7.04(m, 3H), 6.93(dd, J =3.0, 8.0 Hz, 1H), 5.53(t, J = 8.5 Hz, 1H), 5.18-

5.10(m, 2H); HRMS: m/z calcd for C22H16F2N2O2 [M + H]+ , 379.1253; found, 379.1248. 

7-Fluoro-3-(1-(4-fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6n): Compound 6e was 

synthesized using general procedure A on 600 mg scale and purified using 15% ethyl acetate in 

hexane. Yield 65% (white semi-solid); 1 H NMR (CDCl3, 500 MHz): δ 8.17 (bs, 1H), 7.48-7.43 
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(m, 3 H), 7.41-7.35 (m, 3H), 7.28-7.25 (m, 2H), 7.06 (dd, J=3.0, 9.0 Hz, 1H), 7.00-6.97 (m, 2H), 

6.88 (dt, J=2.6, 9.0 Hz, 1H), 5.27 (t, J=8.0 Hz, 1H), 5.11 (dd, J=7.5, 12.7 Hz, 1H), 5.07 (dd, J=8.5, 

12.4 Hz, 1H); HRMS: m/z calcd for C22H16F2N2O2 [M + H]+ , 379.1253; found, 379.1226. 

6-Fluoro-3-(1-(4-fluorophenyl)-2-nitroethyl)-2-phenyl-1H-indole (6o): Compound 6o was 

synthesized using general procedure A on 600 mg scale and purified using 15% ethyl acetate in 

hexane. Yield 51% (off white solid); 1 H NMR (CDCl3, 500 MHz): δ 8.34 (bs, 1H), 7.50-7.43 (m, 

5H), 7.28-7.24 (m, 3H), 7.05-6.91 (m, 4H), 5.26 (t, J=7.3 Hz, 1H), 5.15-5.06 (m, 2H); HRMS: m/z 

calcd for C22H16F2N2O2 [M + H]+ , 379.1253; found, 379.1251. 

6-Fluoro-2-(3-fluorophenyl)-3-(1-(4-fluorophenyl)-2-nitroethyl)-1H-indole (6p): Compound 

6p was synthesized using general procedure A under reflux condition on 650 mg scale and purified 

using 15% ethyl acetate in hexane. Yield 63% (white solid); 1 H NMR (CDCl3, 500 MHz): δ  8.18 

(bs, 1H), 7.46-7.38 (m, 2H), 7.28-7.25 (m, 2H), 7.19 (dd, J=1.0, 7.8 Hz, 1H), 7.15-7.11 (m, 2H), 

7.07 (dd, J=2.4, 6.8 Hz, 1H), 7.02-6.99 (m, 2H), 6.90 (dt, J=2.6, 8.7 Hz, 1H), 5.26 (t, J=9.6 Hz, 

1H), 5.15-5.07 (m, 2H); HRMS: m/z calcd for C22H15F3N2O2 [M + H]+ , 397.1158; found, 

397.1183. 

7-Fluoro-2-(3-fluorophenyl)-3-(1-(4-fluorophenyl)-2-nitroethyl)-1H-indole (6q): 6q was 

synthesized using general procedure A under reflux condition on 450 mg scale and purified using 

15% ethyl acetate in hexane. Yield 73% (white solid); 1 H NMR (CDCl3, 500 MHz): δ  8.35 (bs, 

1H), 7.48-7.44 (m, 1H), 7.29-7.23 (m, 4H), 7.19-7.15 (m, 2H), 7.08-7.04 (m, 1H), 7.02-6.94 (m, 

3H), 5.26 (t, J=8.6 Hz, 1H), 5.13 (bs, 1H), 5.12 (bs, 1H); HRMS: m/z calcd for C22H15F3N2O2 [M 

+ H]+ , 397.1158; found, 397.1182. 

6-Fluoro-2-(3-fluorophenyl)-3-(1-(2-fluorophenyl)-2-nitroethyl)-1H-indole (6r): Compound 

6r was synthesized using general procedure A under reflux condition on 300 mg scale and purified 
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using 15% ethyl acetate in hexane. Yield 80%; (white solid) 1 H NMR (CDCl3, 400 MHz): 8.17 

(bs, 1H), 7.49 (dd, J=5.3, 8.8 Hz, 1H), 7.47-7.41 (m, 1H), 7.33-7.20 (m, 3H), 7.15-7.05 (m,5H), 

6.91 (dt, J=1.9, 8.7 Hz, 1H,), 5.52 (t, J=8.1 Hz, 1H), 5.15 (s, 1H), 5.13 (s, 1H); 13C NMR (100 

MHz, DMSO-d6) δ 162.63 (d, J = 227.3 Hz), 160.18 (d, J = 229.1 Hz), 159.41 (d, J = 236.6 Hz) 

136.60 (d, J = 12.6 Hz), 136.18 (d, J = 2.8 Hz), 134.75 (d, J = 8.4 Hz), 131.24 (d, J = 8.5 Hz), 

129.58 (d, J = 8.4 Hz), 128.73 (d, J = 3.6 Hz), 126.99 (d, J = 13.8 Hz), 125.21 (d, J = 2.7 Hz), 

124.93 (d, J = 3.4 Hz), 123.45, 121.51 (d, J = 10.0 Hz), 116.11 (d, J = 21.8 Hz), 115.76 (d, J = 

22.3 Hz), 115.48 (d, J = 20.9 Hz), 108.52 (d, J = 9.2 Hz), 108.33, 98.01 (d, J = 25.3 Hz), 77.02, 

34.39 (d, J = 2.8 Hz); HRMS : m/z calcd for C22H15F3N2O2 [M + H]+ , 397.1158; found, 397.1177. 

7-Fluoro-2-(3-fluorophenyl)-3-(1-(2-fluorophenyl)-2-nitroethyl)-1H-indole (6s): Compound 

6s was synthesized using general procedure A under reflux condition on 300 mg scale and purified 

using 15% ethyl acetate in hexane. Yield 83% (white solid); 1 H NMR (CDCl3, 400 MHz): 8.35 

(s, 1H), 7.45 (q, J=8.22 Hz, 1H), 7.37-7.33 (m, 2H), 7.31-7.24 (m, 2H), 7.18-7.14 (m, 2H), 7.18-

7.14 (m, 2H), 7.10-7.04 (m, 3H), 6.98-6.94 (m, 1H), 5.52 (t, J=7.6 Hz, 1H), 5.21-5.10 (m, 2H); 

13C NMR (100 MHz, DMSO-d6) δ 162.57 (d, J = 217.3 Hz), 160.13 (d, J = 219.0 Hz), 149.63 (d, 

J = 243.8 Hz), 136.98, 134.34 (d, J = 8.4 Hz), 131.09 (d, J = 8.6 Hz), 130.36 (d, J = 5.5 Hz), 129.59 

(d, J = 8.6 Hz), 128.72, 126.86 (d, J = 13.8 Hz), 125.70, 124.91 (d, J = 3.5 Hz), 124.56 (d, J = 13.6 

Hz), 120.30 (d, J = 6.1 Hz), 116.39 (d, J = 7.6 Hz), 116.29 (d, J = 17.7 Hz), 116.10 (d, J = 21.8 

Hz) 115.75 (d, J = 20.9 Hz), 109.44, 107.13 (d, J = 15.9 Hz), 76.94, 34.39; HRMS: m/z calcd for 

C22H15F3N2O2 [M + H]+ , 397.1158; found, 397.1160. 

 (E)-3-fluoro-2-(2-nitrovinyl)pyridine (8d): To a solution of 3-fluoropyridine-2-carboxaldehyde 

(12 mmol, 1 eq.) in tBuOH:THF (1:1; 14.4 mL) was added nitromethane (19.2 mmol, 1.6 eq.); the 

reaction mixture was stirred at 0 °C then potassium tert-butoxide (0.72 mmol, 6 mol%) was added 
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directly added. Following two hours of stirring at 0°C, the reaction mixture was concentrated under 

reduced pressure to remove tBuOH, diluted with diethyl ether and ethyl acetate, then washed with 

water, saturated NaHCO3 solution, and brine. The aqueous phase was extracted 3X with diethyl 

ether; the combined organic extracts were dried with Na2SO4 then concentrated under reduced 

pressure. The nitroalcohol intermediate obtained from workup was used for the next step without 

any further purification. 

To a 100 mL round bottom flask containing the crude nitroalcohol (8.06 mmol, 1 eq.) and 4-DMAP 

( 0.4 mmol, 5 mol%) was added anhydrous DCM (40 mL); the mixture was stirred under argon at 

room temp. Acetic anhydride (8.87 mmol, 1.1 eq.) was added dropwise to the stirred mixture; the 

resulting reaction mixture continued stirring under argon at room temp. Following two hours of 

room temp stirring, the reaction mixture was quenched with saturated NaHCO3 solution then 

washed with water and brine. The aqueous phase was extracted 3X with DCM; combined organic 

extracts were dried with Na2SO4, then concentrated under reduced pressure. The crude organic 

resin was purified by silica gel flash chromatography using ethyl acetate/hexanes eluent to obtain 

the desired nitrovinyl compound as a yellow solid, yield= 67%. 1H NMR (500 MHz, CDCl3) δ: 

8.51 (d, J = 4.2 Hz, 1H), 8.18 (d, J = 13.5 Hz, 1H), 8.04 (d, J = 13.5 Hz, 1H), 7.53 (t, J = 9.1 Hz, 

1H), 7.45 (dt, J = 8.4, 4.3 Hz, 1H). 

3-(2-Nitro-1-(pyridin-2-yl)ethyl)-2-phenyl-1H-indole (9a): Compound 9a was synthesized 

using reported literature protocol41on 400 mg scale  and purified using 30-70% acetone in hexane. 

Yield 58% (off white solid); 1 H NMR (CDCl3, 500 MHz): 8.16 (bs, 1H), 7.53 (d, J=8.0 Hz, 1H), 

7.49-7..43 (m, 5H), 7.40 (d, J=7.7 Hz, 1H), 7.34 (d, J=7.6 Hz, 2H), 7.30 (t, J=7.2 Hz, 2H), 7.22 (t, 

J=8.4 Hz, 1H), 7.12 (t, J=8.1 Hz, 1H), 5.33 (t, J=8.2 Hz, 1H), 5.19 (dd, J=7.4, 12.5 Hz, 1H), 5.13 

(dd, J=8.4, 12.5 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; found, 344.1400. 
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3-(2-Nitro-1-(pyridin-3-yl)ethyl)-2-phenyl-1H-indole (9b): 9b was synthesized using reported 

literature protocol41 on 400 mg scale  and purified using 30-70% acetone in hexane.  Yield 40% 

(off white solid); 1 H NMR (DMSO d6, 500 MHz): 11.52 (s, 1H), 8.49 (d, J=2.2 Hz, 1H), 8.42 (dd, 

J=1.6, 4.4 Hz, 1H), 7.77-7.75 (m, 1H), 7.69 (d, J=7.7 Hz, 1H), 7.58-7.53 (m, 4H), 7.50-7.47 (m, 

1H), 7.13 (t, J=7.9 Hz, 1H), 7.00 (t, J=7.5 Hz, 1H), 5.65 (dd, J=7.6, 13.8 Hz, 1H), 5.51 (dd, J=9.0, 

13.2 Hz, 1H), 5.24 (t, J=7.7 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; 

found, 344.1413.  

3-(2-Nitro-1-(pyridin-4-yl)ethyl)-2-phenyl-1H-indole (9c): Compound 9c was synthesized 

using reported literature protocol41 on 450 mg scale  and purified using 30-70% acetone in hexane. 

Yield 27% (off white solid); 1 H NMR (CDCl3, 500 MHz): 8.53-8.52 (bs, 1H), 8.31 (s, 1H), 7.51-

7.46 (m, 3H), 7.45-7.42 (m, 4H), 7.25-7.22 (m, 3H), 7.15-7.11 (m, 1H), 5.31 (t, J=7.9 Hz, 1H), 

5.23 (dd, J=7.8, 12.9 Hz, 1H), 5.09 (dd, J=7.8, 12.6 Hz, 1 H); HRMS: m/z calcd for C21H17N3O2 

[M + H]+ , 344.1394; found, 344.1378. 

3-(2-Nitro-1-phenylethyl)-2-(pyridin-4-yl)-1H-indole (9e): Compound 9e was synthesized 

using reported literature protocol41 using Et4NBr on 420 mg scale  and purified using 30-70% 

acetone in hexane.; Yield 54% (off white solid); 1 H NMR (CDCl3, 500 MHz): 9.26 (bs, 1H), 8.60 

(d, J=5.8 Hz, 2H), 7.56 (d, J=8.0 Hz, 1H), 7.41 (d, J=8.4 Hz, 1H), 7.35-7.30 (m, 6H), 7.28-7.23 

(m, 2H), 7.13 (t, J=7.9 Hz, 1H), 5.36 (dd, J=7.2, 8.8 Hz, 1H), 5.22 (dd, J=8.7, 12.8 Hz, 1H), 5.17 

(dd, J=6.9, 12.2 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; found, 344.1374. 

3-(2-Nitro-1-phenylethyl)-2-(pyridin-3-yl)-1H-indole (9d): Compound 9d was synthesized 

using reported literature protocol41 using Et4NBr on 400 mg scale  and purifies using 30-70% 

acetone in hexane.  Yield 68% (off white solid); 1 H NMR (CDCl3, 500 MHz): 8.69 (d, J=2.0 Hz, 

1H), 8.65-8.64 (m, 2H), 7.74 (dt, J=7.8, 1.82 Hz, 1H), 8.65-8.64 (m, 2H), 7.74 (dt, J=7.8, 1.8 Hz, 
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1H), 7.57 (d, J=8.2 Hz, 1H), 7.42 (d, J=8.1 Hz, 1H), 7.37 (dd, J=4.9, 8.1 Hz, 1H), 7.34-7.27 (m, 

4H), 7.26-7.21 (m, 2H), 7.15 (t, J=7.5 Hz, 1H), 5.25-5.22 (m, 1H), 5.20-5.14 (m, 2H); HRMS: m/z 

calcd for C21H17N3O2 [M + H]+ , 344.1394; found, 344.1395. 

General Procedure B, for Michael addition reaction:  In an oven dried two neck round bottom 

flask aza idole (1 eq.) was taken under argon atmosphere, dissolved with anhydrous THF and 

cooled to -78 0C. nBuLi (5 eq.) was added slowly to the solution and after complete addition the 

reaction mixture was stirred at RT for 3 hours (colorless solution turned into brown color solution). 

Again, the reaction mixture was cooled to -78 0C and then a solution of nitrostyrene (5eq.) in 

anhydrous THF was added dropwise. The reaction mixture temp was slowly raised to RT and 

stirred for overnight.  The reaction mixture was cooled and quenched with sat. NH4Cl solution. 

The aqueous phase was extracted with EtOAc. The combined organic layer was washed with brine 

(7 mL) and dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

Purification of the residue on a silica gel column using MeOH:DCM as a solvent system furnished 

the Michael adduct.  

3-(2-Nitro-1-phenylethyl)-2-phenyl-1H-pyrrolo[3,2-b]pyridine (9f): Compound 9f was 

synthesized using general procedure B on 1.6 gm scale and purified using 10% CH3OH in DCM. 

Yield: 52% (yellowish white solid); 1 H NMR (CDCl3, 400 MHz): δ 8.50 (d, J=4.4 Hz, 1H), 8.24 

(bs, 1H), 7.66 (d, J=7.8 Hz, 1H), 7.54-7.48 (m, 3H), 7.41-7.37 (m, 2H), 7.28-7.29 (m 2H), 7.18-

7.14 (m, 1H), 7.09 (d, J=7.2 Hz, 2H), 6.70 (s, 1H), 5.30 (dd, J=6.5, 10.1 Hz, 1H), 5.13 (dd, J=10.5, 

12.8 Hz, 1H), 4.89 (dd, J=6.0, 13.0 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 

344.1394; found, 344.1419. 

3-(2-Nitro-1-phenylethyl)-2-phenyl-1H-pyrrolo[3,2-c]pyridine (9g): Compound 9g was 

synthesized using general procedure B on 1.2 gm scale and purified using 10% CH3OH in DCM. 
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Yield: 43% (brown solid); 1H NMR (CDCl3, 500 MHz): δ 8.89 (s, 1H), 8.60 (bs, 1H), 8.35 (d, 

J=5.7 Hz, 1H), 7.53-7.46 (m, 5H), 7.33-7.31 (m, 5 H), 7.28-7.27 (m, 1H), 5.32 (dd, J=7.3, 8.7 Hz, 

1H), 5.18 (bs, 1H), 5.16 (d, J=2.3 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; 

found, 344.1380. 

3-(2-Nitro-1-phenylethyl)-2-phenyl-1H-pyrrolo[2,3-c]pyridine (9h): Compound 9h was 

synthesized using general procedure B on 1.2 gm and purified using 10% CH3OH in DCM. Yield: 

30% (brown solid); 1 H NMR (CDCl3, 500 MHz): δ 8.93 (bs, 1H), 8.11 (d, J=5.7, 1H), 7.54-7.48 

(m, 5H), 7.42 (d, J=5.6 Hz, 1H), 7.35-7.26 (m, 5H), 5.32 (t, J=8.0 Hz, 1H), 5.15 (bs, 1H), 5.13 (d, 

J=1.3 Hz, 1H); HRMS (ESI): m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; found, 344.1407. 

3-(2-Nitro-1-phenylethyl)-2-phenyl-1H-pyrrolo[2,3-b]pyridine (9i): Compound 9i was 

synthesized using general procedure B on 1.5 gm scale and purified using 10% CH3OH in DCM. 

Yield: 63% (brown solid); 1 H NMR (CDCl3, 500 MHz): δ 12.13 (bs, 1H), 8.07 (d, J=4.5 Hz, 1H), 

7.82 (d, J=8.1 Hz, 1H), 7.61 (d, J=1.6 Hz, 1H), 7.59 (bs, 1H), 7.56-7.50 (m, 3H), 7.33-7.32 (m, 

4H), 7.29-7.26 (m, 1H), 7.03(dd, J=4.5, 8.1, Hz, 1H), 5.39 (t, J=8.6 Hz, 1H), 5.17 (dd, J=7.7, 12.7 

Hz, 1H), 5.11(dd, J=9.1, 12.4 Hz, 1H); HRMS: m/z calcd for C21H17N3O2 [M + H]+ , 344.1394; 

found, 344.1419. 

3-(1-(3-Fluoropyridin-2-yl)-2-nitroethyl)-2-phenyl-1H-indole (9j): Compound 9j was 

synthesized using general procedure A. Yield: 90%; 1H NMR (CDCl3, 400 MHz): δ 8.40 (d, J= 

5.2 Hz, 1H), 8.17 (s, 1H), 7.62 (d, J=7.2 Hz, 2H), 7.55 (dd, J= 8.0,14.8 Hz, 3H), 7.46-7.49 (m, 

1H), 7.34 (d, J=8.0 Hz, 1H), 7.14-7.24 (m, 3H) 7.01 (t, J=8.0 Hz, 1H), 5.86 (dd, J=9.6, 12.4 

Hz,1H), 5.65 (dd, J=5.6, 10.0 Hz, 1H), 4.87 (dd, J=5.6, 14.0 Hz, 1H); 13C NMR (100 MHz, 

DMSO-d6) δ 157.44 (d, J = 257.6 Hz), 147.46 (d, J = 13.4 Hz), 144.56 (d, J = 5.3 Hz), 137.01, 

136.40, 132.77, 129.34, 129.16, 128.63, 126.98, 124.61 (d, J = 3.9 Hz), 124.00 (d, J = 18.1 Hz), 

Page 56 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 57 

121.96, 119.70, 119.46, 112.02, 106.15, 75.34, 36.41 (d, J = 1.8 Hz); HRMS: m/z calcd for 

C21H16FN3O2 [M + H]+ , 362.1299; found, 362.1281. 

2-Phenyl-1H-pyrrolo[3,2-b]pyridine (11d): 3-Amino-2-methyl pyridine (12) (3 gm, 27.8 mmol) 

was dissolved in 30 mL anhydrous THF in an oven dried two neck round neck flask under argon. 

The solution was cooled to -78 0C and a solution of sec-BuLi (64.15 mL, 83.4 mmol, 1.3 M in 

cyclohexane) was added dropwise in 10 min. The solution was warmed to room temperature, 

stirred at that temperature for 3 h, and cooled to -78 0C. Ethyl benzoate (1.98 mL, 13.9 mmol) was 

added and the resulting mixture was stirred at -78 0C for 1 hour. 20 mL methanol was added very 

slowly in 5 min and the solution was warmed to room temperature slowly and stirred for overnight. 

The reaction mixture was quenched with sat. NH4Cl solution. The aqueous phase was extracted 

with EtOAc. The combined organic layer was washed with brine (7 mL) and dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. Purification of the residue on a silica 

gel column using 10% CH3OH in DCM furnished the corresponding indole 11d as a brown solid 

[1.5 gm, 39% (based on starting material recovered, bsmr)] as a brown solid. 1 H NMR (DMSO 

d6, 500 MHz): δ 11.77 (bs, 1H), 8.29 (dd, J= 1.1, 4.4 Hz, 1H), 7.92 (d, J=7.3 Hz, 2H), 7.74 (d, 

J=8.3 Hz, 1H), 7.50 (t, J= 7.9 Hz, 2H), 7.38 (t, J=7.4 Hz, 1H), 7.08 (dd, J=4.8, 8.2 Hz, 1H), 7.06 

(d, J=1.9 Hz, 1H) . 

2-Phenyl-1H-pyrrolo[3,2-c]pyridine (11e): To an oven dried round bottom flask  Pd(PPh3)2Cl2 

(95 mg, 0.135 mmol) and copper(I) iodide (43 mg, 0.230 mmol) were taken and evacuated under 

vacuum and then filled with argon. To the flask degassed DMF (5 mL) were added via cannula, 

then degassed solution of N,N-diisopropylethylamine (2.5 mL, 14.5 mmol) and 4-amino-3-

iodopyridine, 13 (1 gm, 4.5 mmol) was added. At the end a degassed solution of phenyl acetylene 

(1.05 mL, 9.50 mmol) in DMF was added. The reaction mixture was stirred for overnight at RT.  
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The reaction mixture was quenched with sat. NH4Cl solution. The aqueous phase was extracted 

with EtOAc. The combined organic layer was washed with brine (7 mL) and dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. Purification of the residue on a silica 

gel column using 5% CH3OH in DCM furnished the coupling product [820 mg, 93%] as a brown 

solid which was used for cyclization reaction. 

In an oven-dried RB flask, alkyne amine compound (500 mg, 2.60 mmol) and potassium tert-

butoxide (577 mg, 5.15 mmol) were mixed in NMP. The reaction mixture was heated at 100 0C 

for 2 hours. After completion of the reaction, the reaction mixture was cooled and quenched with 

water. The aqueous layer was extracted with ethyl acetate. The combined organic layer was washed 

with brine (7 mL) and dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. Purification of the residue on a silica gel column using 10% CH3OH in DCM furnished 

the cyclized product 11e [456 mg, 91%] as a brown solid. 1H NMR (400 MHz, DMSO-d6) δ: 

11.97 (s, 1H), 8.82 (s, 1H), 8.17 (d, J = 4.3 Hz, 1H), 7.90 (d, J = 7.3 Hz, 2H), 7.49 (t, J = 7.7 Hz, 

2H), 7.38 – 7.35 (m, 2H), 7.04 (s, 1H). 

2-Phenyl-1H-pyrrolo[2,3-c]pyridine (11f): 3-Amino-4-methyl pyridine, 14 (2.5 gm g, 0.023 

mol) was dissolved in 50 mL anhydrous THF in an oven dried two neck round neck flask under 

argon. The solution was cooled to -78 °C and a solution of s-BuLi (53 mL, 0.069 mmol, 1.3 M in 

cyclohexane) was added dropwise in 10 min. The solution was warmed to room temperature, 

stirred at that temperature for 3 hours, and cooled to -78 0C. Ethyl benzoate (1.65 mL, 0.011 mmol) 

was added and the resulting mixture was stirred at -78 0C for 1 hour. 20 mL methanol was added 

very slowly in 5 min and the solution was warmed to room temperature slowly and stirred for 

overnight. The reaction mixture was quenched with sat. NH4Cl solution. The aqueous phase was 

extracted with EtOAc. The combined organic layer was washed with brine (7 mL) and dried over 
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anhydrous Na2SO4, filtered, and concentrated under reduced pressure. Purification of the residue 

on a silica gel column using 10% CH3OH in DCM furnished the corresponding indole 11f [1.7 g, 

53% (based on starting material recovered)] as a brown solid. 1 H NMR (DMSO d6, 500 MHz): δ 

12.04 (bs, 1H), 8.75 (s, 1H), 8.09 (d, J=4.8 Hz, 1H), 7.93 (d, J=7.5 Hz, 2H), 7.53-7.50 (m, 3H), 

7.40 (t, d=7.3 Hz, 1H), 6.98 (s, 1H). 

2-Phenyl-1H-pyrrolo[2,3-b]pyridine (11g): N-(3-methylpyridin-2-yl)benzamide, 15 (1.05 gm, 

4.98 mmol) was dissolved in 15 mL anhydrous THF and cooled to -78 0C. nBuLi (6 mL, 14.9 

mmol) was added dropwise and stirred for 1 hour at that temp. then reaction mixture was slowly 

heated to room temp. and stirred for 5 hours. The reaction mixture was quenched with sat. NH4Cl 

solution. The aqueous phase was extracted with EtOAc. The combined organic layer was washed 

with brine (7 mL) and dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. Purification of the residue on a silica gel column using 10% CH3OH in DCM furnished 

the corresponding indole 11g [499 mg, 52%] as a brown solid. 1 H NMR (DMSO d6, 500 MHz): 

δ 12.14 (bs, 1H), 8.20 (dd, J=1.4, 4.4, Hz, 1H), 7.95-7.92 (m, 3H), 7.47 (t, J=7.8 Hz, 2H), 7.35 (t, 

J=7.3 Hz, 1H), 7.06 (dd, J=4.7, 7.8, Hz, 1H), 6.93 (d, J=1.9 Hz, 1H). 

Aqueous Solubility: Samples (ranging from 0.9-3.2 mg) were weighed into Whatman vials for 

thermodynamic solubility analysis in 1X PBS pH7.4. Phosphate buffered saline solution (450 μL) 

added to the vial for a dose concentration of 2.0-7.1 mg/mL. 

1X PBS, pH7.4: Phosphate Buffered Saline solution 10X, PBS (Fisher Bioreagent part number 

BP399- 500) 50 mL was added to approximately 450 mL HPLC grade H2O. The volume of the 

solution was then adjusted to 500 mL for a total dilution factor of 1:10 and a final PBS 

concentration of 1X. 
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After shaking at ambient temperature (24.5-26.5°C) for 24 hours on a rotary shaker at 200RPM, 

the visible appearance of each powder preparation was noted. Samples were filtered, and the 

filtrates were injected into the nitrogen detector for quantification on Analiza’s Automated 

Discovery Workstation. The results are reported in μg/mL and μM. 

The equimolar nitrogen response of the detector is calibrated using standards which span the 

dynamic range of the instrument from 0.08 to 4500 μg/mL nitrogen. The filtrates were quantitated 

with respect to the calibration curve and the calculated solubility values are corrected for 

background nitrogen in the buffer.  

Kinetic Aqueous Solubility: The kinetic water solubility of each tested compound was measured 

by using a Turbidimetric solubility assay; the assays were performed by Cyprotex. Each compound 

was prepared as a 100X stock solution in DMSO from which serial dilutions were performed to 

yield eight test article solutions; the micromolar concentrations for the test article solutions were 

1.6, 3.21, 6.25, 12.5, 25, 50, 100, and 200. The test article solutions were spotted in a 96-well plate 

then diluted 100-fold in PBS buffer (pH = 7.4); the diluted test articles in PBS buffer were mixed 

then incubated for two hours. Ensuing two-hour incubation, absorbance was measured at 540 nm; 

an absorbance value greater than 3X standard deviation of the average blank absorption value was 

considered turbidity. The highest test article concentration with no sign of turbidity represented 

the kinetic water solubility value of the compound. 

Microsomal Stability: Microsomal stability assays were performed by Cyprotex; both human and 

rat liver microsomes were utilized. Each test compound was prepared as a 1 μM solution in DMSO, 

then incubated at 37°C with 0.3 mg/mL microsomal protein, 100 mM PBS buffer (pH = 7.4), 2mM 

NADPH, and 3 mM MgCl2; a control void of NADPH was included for each assay to detect 

NADPH-free degradation. An aliquot was taken from the reaction mixture at 0 minutes, 5 minutes, 
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15 minutes, 30 minutes, and 45 minutes from the start of incubation; each aliquot taken was treated 

with an equal volume of ice-cold methanol containing internal standards to halt the reaction and 

precipitate proteins. The quenched aliquot was centrifuged to remove proteins then the supernatant 

was analyzed by LC-MS/MS to determine % remaining. The % of parent compound remaining for 

each time point was plotted to fit a first order decay model for calculating the slope, k, which in-

turn was used for calculating the half-life from the formula t1/2 = 0.693/k. The calculated half-life 

was then used to calculate the intrinsic clearance using the formula CLint = ln(2)/t1/2. 

Biological evaluation: As we have done previously with our parent compound 6d (GAT211)25, 

we chose to characterize these newly synthesized analogues by use of standard functional assays.  

Compounds used: All compounds and reagents were purchased from Sigma-Aldrich 

(Mississauga ON), unless otherwise noted. CP55,940 was purchased from Cayman Chemical (Ann 

Arbor, MI). All compounds were initially dissolved in DMSO and diluted in a 10% DMSO 

solution in PBS. Compounds were added directly to cell culture at the times and concentrations 

indicated at a final concentration of 0.1% DMSO. 

Cell culture: HitHunter® (cAMP) and PathHunter® (arrestin2) CHO-K1 cells stably-expressing 

human CB1R (hCB1R) from DiscoveRx® (Eurofins, Fremont, CA) were maintained between 

passage 5-35 at 37°C, 5% CO2 in F-12 DMEM (Corning Cellgro, Manassas VA) containing 10% 

FBS and 1% penicillin-streptomycin with 800 µg/mL geneticin (HitHunter®) or 800 µg/mL 

geneticin and 300 µg/mL hygromycin B (PathHunter®). HitHunter® and PathHunter® hCB1R 

CHO-K1 cells were used for data presented in tables 1, 2, and 4 and figure 5. CHO cells stably 

transfected with cDNA encoding human cannabinoid CB1Rs were maintained at 37°C and 5% 

CO2 in Ham’s F-12 Nutrient Mix, supplemented both with 2 mM L-glutamine, 10% FBS and 0.6% 

penicillin-streptomycin, all also supplied by (GibcoTM, Fisher Scientific UK Ltd), and the 
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disulphate salt of G418 [(2R,3S,4R,5R,6S)-5-amino-6-{[(1R,2S,3S,4R,6S)-4,6-diamino-3-

{[(2R,3R,4R,5R)-3,5-dihydroxy-5-methyl-4-(methylamino)oxan-2-yl]oxy}-2-hydroxy 

cyclohexyl]oxy}-2-[(1R)-1-hydroxyethyl]oxane-3,4-diol; 600 mg·mL-1] ( Sigma-Aldrich UK). 

All cells were exposed to 5% CO2 in their media, and were passaged twice a week using non-

enzymatic cell dissociation solution. For membrane preparation, cells were removed from flasks 

by scraping, centrifuged, and then frozen as a pellet at -20 °C until required. Before use in a 

radioligand binding assay, cells were defrosted, diluted in Tris buffer (50 mM Tris–HCl and 50 

mM Tris–base). Human Embryonic Kidney (HEK293; American Type Culture Collection, 

Rockville, MD) cells were cultured in DMEM supplemented with 10% FBS (GE Healthcare 

Hyclone Laboratories, Logan UT). HEK293 cells stably expressing GFP-tagged (N-terminus) 

GFP-rCB1R were generated as previously described. Briefly, HEK293 cells were transfected with 

GFP-rCB1R-pcDNA3.1 using Lipofectamine 2000 (Invitrogen, Carlsbad CA) and selected in 

DMEM containing 10% FBS and geneticin (800 μg/mL). Colonies were picked 2 weeks after 

transfection and allowed to expand before analysis of GFP-tagged receptor expression by 

fluorescence microscopy. Cell lines with moderate to high receptor expression were maintained in 

DMEM with 10% FBS and 500 μg/mL geneticin.  

HitHunter® cAMP assay: Inhibition of forskolin-stimulated cAMP was determined using the 

DiscoveRx® HitHunter® assay in hCB1R CHO-K1 cells. Cells (20,000 cells/well in low-volume 

96 well plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C 

and 5% CO2. Following this, Opti-MEM media was removed and replaced with cell assay buffer 

(DiscoveRx) and cells were co-treated at 37°C with 10 µM forskolin and hCB1R ligands (0.10 nM 

– 10 µM) for 30 min (Tables 1 and 2; Suppl Fig. 1) or 90 min (Table 4; Fig. 5). cAMP antibody 

solution and cAMP working detection solutions were then added to cells according to the 
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manufacturer’s directions (DiscoveRx®) and cells were incubated for 60 min at room temperature. 

cAMP solution A was added according to the manufacturer’s directions (DiscoveRx®) and cells 

were incubated for an additional 60 min at room temperature before chemiluminescence was 

measured on a Cytation 5 plate reader (top read, gain 200, integration time 10,000 ms). Standard 

agonist properties in the assays used were as follows: CP55,940: EC50 = 3.6 ± 1.7 nM; EMax = 1.5 

± 0.07 (fold over baseline). n ≥ 6 individual experiments performed in triplicate. 

PathHunter® CB1R βarrestin2 assay: arrestin2 recruitment was determined using the hCB1R 

CHO-K1 cell PathHunter® assay (DiscoveRx®). Cells (20,000 cells/well in low-volume 96 well 

plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C and 5% 

CO2. Following this, cells were co-treated at 37°C with hCB1R ligands (0.10 nM – 10 µM) for 90 

min (Fig. 3; Tables 1, 2, 5; Suppl Fig. 1). Detection solution was then added to cells according to 

the manufacturer’s directions (DiscoveRx®) and cells were incubated for 60 min at room 

temperature. Chemiluminescence was measured on a Cytation 5 plate reader (top read, gain 200, 

integration time 10,000 ms). Standard agonist properties in the assays used were as follows: 

CP55,940: EC50 = 34 ± 4.4 nM; EMax = 8.0 ± 1.3 (fold over baseline). n ≥ 6 individual experiments 

performed in triplicate. 

Detection of cAMP:  HEK293 cells stably expressing GFP-hCB1R were plated in a 24-well plate 

and cultured until 70-80% confluent. Cells were then dissociated in Trypsin (0.05%)-EDTA 

(0.1%) (Quality Biological, Gaithersburg MD), centrifuged at 200g for 5 min and resuspended in 

Hank’s Balanced Salt Solution (HBSS) (Corning Cellgro) containing 0.1% BSA and 0.5mM 

IBMX (Sigma-Aldrich, St. Louis MO). Cells in suspension were transferred to a white 384-well 

plate at a density of 500 cells/well and treated with 5μM forskolin (Cayman Chemical, Ann Arbor 

MI) along with different concentration of designated compounds for 30 min. After drug treatment, 

Page 63 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 64 

cAMP levels were detected using the LANCE Ultra cAMP detection kit (PerkinElmer, Waltham 

MA) according to manufacturer’s instructions. In this time-resolved fluorescence resonance 

energy transfer (TR-FRET) immunoassay, cells are lysed and incubated with europium (Eu) 

chelate-labeled cAMP and ULightTM dye-labeled monoclonal antibody directed against cAMP. 

After at least 1h incubation, light emission at 665 nm was measured in an EnVision 2104 multilabel 

plate reader (PerkinElmer). Fluorescence counts were used to estimate cAMP concentration in 

samples based on a cAMP standard curve. The cAMP concentration in each sample was 

normalized to cAMP levels in samples treated only with 5μM forskolin. Data was then fitted to a 

four-parameter least squares nonlinear regression analysis using GraphPad Prism 7.05 (GraphPad 

Software, San Diego CA). 

 [3H]CP55940 Radioligand displacement assay: The assays were carried out with [3H]CP55940 

and Tris binding buffer (50 mM Tris–HCl, 50 mM Tris–base, 0.1% BSA, pH 7.4), total assay 

volume 500 μl. Binding was initiated by the addition of transfected human CB1 CHO cell 

membranes (50 μg protein per well). All assays were performed at 37 °C for 60 min before 

termination by the addition of ice-cold Tris binding buffer, followed by vacuum filtration using a 

24-well sampling manifold (Brandel Cell Harvester; Brandel Inc, Gaithersburg, MD, USA) and 

Brandel GF/B filters that had been soaked in wash buffer at 4°C for at least 24 h. Each reaction 

well was washed six times with a 1.2 mL aliquot of Tris-binding buffer. The filters were oven-

dried for 60 min and then placed in 3 mL of scintillation fluid (Ultima Gold XR, PerkinElmer, 

Seer Green, Buckinghamshire, UK). Radioactivity was quantified by liquid scintillation 

spectrometry. Specific binding was defined as the difference between the binding that occurred in 

the presence and absence of 1 μM unlabeled CP55940. The concentration of [3H]CP55940 used in 

our displacement assays was 0.7 nM. The compounds used in this investigation were stored as 
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stock solutions of 10 mM in DMSO, the vehicle concentration in all assay wells being 0.1% 

DMSO. Data are presented as % ligand bound. 

[3H]SR141716A Radioligand displacement assay: Assays were carried out with 

[3H]SR141716A and Tris binding buffer (75 mM Tris, 12.5 mM MgCl2, 1 mM EDTA, 1% BSA, 

pH 7.4), total assay volume 200 μL. Binding was initiated by the addition of transfected human 

CB1 CHO cell membranes (25 μg protein per well). All assays were performed at room temperature 

for 2 h before termination by the addition of ice-cold Tris binding buffer, followed by vacuum 

filtration using a Millipore Sigma 12-well sampling manifold and Brandel GF/B filters that had 

been soaked in wash buffer at 4°C for at least 24 h. Each reaction well was washed three times 

with a 2 mL aliquot of Tris-binding buffer. The filters were oven-dried for 60 min and then placed 

in 5 mL of scintillation fluid (Ultima Gold F, PerkinElmer, Billerica, MA). Radioactivity was 

quantified by liquid scintillation spectrometry. Specific binding was defined as the difference 

between the binding that occurred in the presence and absence of 1 μM unlabelled SR141716A. 

The concentration of [3H]SR141716A used in our displacement assays was 1.0 nM. The 

compounds used in this investigation were stored as stock solutions of 10 mM in DMSO, the 

vehicle concentration in all assay wells being 0.1% DMSO. Data are presented as % ligand bound. 

[35S]GTPS assay:  The assay was carried out in the presence of [35S]GTPγS (0.1 nM), GDP (30 

µM), GTPγS (30 µM) and CHO cell membranes (1 mg/mL) overexpressing hCB1Rs. The assay 

buffer contained 50 mM Tris, 10 mM MgCl2, 100 mM NaCl, 0.2 mM EDTA and 1 mM DTT 

(dithiothreitol) at pH 7.4. Incubations were carried out at 30 °C for 90 min in a total volume of 500 

mL. The reaction was terminated by the addition of ice-cold wash buffer (50 mM Tris and 1 mg/mL 

BSA, pH 7.4) followed by rapid filtration under vacuum through Whatman GF/B glass-fibre filters 

(pre-soaked in wash buffer) 24-well sampling manifold (Brandel Cell Harvester; Brandel Inc, 
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Gaithersburg, MD, USA) and Brandel GF/B filters that had been soaked in wash buffer at 4°C for 

at least 24 h. Each reaction well was washed six times with a 1.2 mL aliquot of Tris-binding buffer. 

The filters were oven-dried for 60 min and then placed in 3 mL of scintillation fluid (Ultima Gold 

XR, PerkinElmer, Seer Green, Buckinghamshire, UK). Bound radioactivity was determined by 

liquid scintillation counting. Basal binding of [35S]GTPγS was determined in the presence of 20 

mM GDP and absence of cannabinoid. Non-specific binding was determined in the presence of 10 

mM GTPγS. The compounds used in this investigation were stored as stock solutions of 10 mM 

in DMSO, the vehicle concentration in all assay wells being 0.1% DMSO.  

Hippocampal culture preparation:  All procedures used in this study were approved by the 

Animal Care Committee of Indiana University and conform to the Guidelines of the National 

Institutes of Health on the Care and Use of Animals.  Mouse hippocampal neurons isolated from 

the CA1-CA3 region were cultured on microislands as described previously 62, 63.  Neurons were 

obtained from mice (C57Bl/6, postnatal day 0-2, of indeterminate sex) and plated onto a feeder 

layer of hippocampal astrocytes that had been laid down previously 64.  Cultures were grown in 

high-glucose (20 mM) DMEM containing 10% horse serum, without mitotic inhibitors and used 

for recordings after 8 days in culture and for no more than three hours after removal from culture 

medium.65 

Electrophysiology:  When a single neuron is grown on a small island of permissive substrate, it 

forms synapses—or “autapses”—onto itself.  All experiments were performed on isolated autaptic 

neurons.  Whole cell voltage-clamp recordings from autaptic neurons were carried out at room 

temperature using an Axopatch 200A amplifier (Axon Instruments, Burlingame, CA).  The 

extracellular solution contained (in mM) 119 NaCl, 5 KCl, 2.5 CaCl2, 1.5 MgCl2, 30 glucose, and 

20 HEPES.  Continuous flow of solution through the bath chamber (~2 mL/min) ensured rapid 
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drug application and clearance.  Drugs were typically prepared as stocks, and then diluted into 

extracellular solution at their final concentration and used on the same day. 

Recording pipettes of 1.8-3 M were filled with (in mM) 121.5 KGluconate, 17.5 KCl, 9 NaCl, 1 

MgCl2, 10 HEPES, 0.2 EGTA, 2 MgATP, and 0.5 LiGTP.  Access resistance and holding current 

were monitored and only cells with both stable access resistance and holding current were included 

for data analysis.  Conventional stimulus protocol: the membrane potential was held at –70 mV 

and excitatory postsynaptic currents (EPSCs) were evoked every 20 seconds by triggering an 

unclamped action current with a 1.0 ms depolarizing step.  The resultant evoked waveform 

consisted of a brief stimulus artifact and a large downward spike representing inward sodium 

currents, followed by the slower EPSC. The size of the recorded EPSCs was calculated by 

integrating the evoked current to yield a charge value (in pC). Calculating the charge value in this 

manner yields an indirect measure of the amount of neurotransmitter released while minimizing 

the effects of cable distortion on currents generated far from the site of the recording electrode (the 

soma).  Data were acquired at a sampling rate of 5 kHz. 

DSE stimuli: After establishing a 10-20 second 0.5 Hz baseline, DSE was evoked by depolarizing 

to 0 mV for 50 ms, 100 ms, 300 ms, 500 ms 1 s, 3 s and 10 s, followed in each case by resumption 

of a 0.5 Hz stimulus protocol for 20-80+ seconds, allowing EPSCs to recover to baseline values.  

This approach allowed us to determine the sensitivity of the synapses to DSE induction.  To allow 

comparison, baseline values (prior to the DSE stimulus) are normalized to one.  DSE inhibition 

values are presented as fractions of 1, i.e. a 50% inhibition from the baseline response is 0.50 ± 

standard error of the mean.  The x-axis of DSE depolarization-response curves are log-scale 

seconds of the duration of the depolarization used to elicit DSE.   Depolarization response curves 

are obtained to determine pharmacological properties of endogenous 2-AG signaling by 
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depolarizing neurons for progressively longer durations (50 ms, 100 ms, 300 ms, 500 ms, 1 sec, 3 

s and 10 s).   

Triad assessment in mice: Male C57BL/6 mice between 4 – 7 months of age were utilized for 

these studies. Compounds administered intraperitoneally (i.p.) were prepared in vehicle [DMSO 

and cremaphor in saline (1:1:8)]. Mouse weight was recorded daily. Catalepsy was assessed in the 

bar holding assay 5 min after drug administration.22 Mice were placed such that their forepaws 

clasped a 0.7 cm ring clamp positioned 4.5 cm above the surface of the testing space. The length 

of time the ring was held was recorded (sec). The trial was ended if the mouse turned its head or 

body or made 3 consecutive escape attempts.22 Body temperature was measured by rectal 

thermometer 15 min after drug administration. Antinociceptive effects were assessed in the warm 

water (52°C) tail-flick test 20 min after drug administration. Response was defined as the removal 

of the tail from the warm water, with a threshold time of 20 sec. Catalepsy and tail flick data are 

presented as % maximum possible effect (MPE).66 Locomotor effects were not assessed in an open 

field paradigm to minimize animal handling and stress, as previous studies have demonstrated 

cannabimimetic effects are sufficiently observed without open field assessment.22,66 

Baseline measurements of catalepsy, temperature, and anti-nociception were taken at the 

beginning of the study in untreated animals. Compounds were administered at the doses indicated. 

Experimenters were blinders to treatment for all behavioral assessments and analyses. In all cases, 

experiments were performed with the approval of the University Animal Care Committee (UACC) 

and Scientific Merit Review Committee for Animal-Based Research (SMRCABR) at the 

University of Saskatchewan and are in keeping with the guidelines of the Canadian Council on 

Animal Care (CCAC) and the ARRIVE guidelines .67 
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Ocular pressure assessment in mice: Normotensive C57Bl/6J mice and Sh3pxd2b mice were 

obtained from Jackson Laboratory (Bar Harbor, Maine).  The Sh3pxd2b mice were bred in house, 

and their progenies with abnormal phenotypical morphology, identified as a nee mice, were used 

for experiments. 

Drugs: GAT592 was synthetized in Dr. Thakur’s Laboratory at the Northeastern University, 

Boston, MA.  Each drug was dissolved in a standard vehicle containing 2% DMSO (Sigma 

Aldrich, Oakville, ON, Canada) and 4% Tween-20 (Sigma-Aldrich) in Tocrisolve™ (Bio-Techne, 

Minneapolis, MN).  In normotensive C57Bl/6J animals WIN55,212-2 (0.25%) was dissolved 

together with GAT592 (0.2%).  In the ocular hypertensive nee mice GATs were administered alone 

at 0.2%. Drugs were administered topically (5 μL/eye) to the right eyes, while the left eyes received 

vehicle control (2% DMSO + 4% Tween-20 in Tocrisolve™; 5 μL).  

IOP Measurements: Mice were anesthetized with the isoflurane (3% induction, 1.5% 

maintenance). The intraocular pressure (IOP) was measured with a handheld rebound tonometer 

(Tonolab, Icare, Finland), calibrated to mouse.  Ten recording were taken for each eye and then 

averaged.  The IOP readings were taken at time 0 (baseline), 1, 6 and 12 hrs after the drug/vehicle 

administration. All the measurements were taken at the same time of the day, in order to minimize 

variability related to diurnal changes in IOP. Data was analyzed by GraphPad version 6.0 

(GraphPad Software, Inc., La Jolla, CA). Paired t-tests were used to compare between eyes of the 

same animal. A P value of < 0.05 was considered. 

Evaluation of 6r and 6s in CFA model: 

Subjects: Wild type CD1 male adult mice (30±10 g) were purchased from Charles River 

laboratories (Wilmington, MA) or bred at Indiana University. CB1 knockout (KO) mice on a CD1 

background strain were bred and genotyped at Indiana University.  Animals were single-housed at 
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relatively constant temperature (73±2oF) and humidity (45%) under light-dark cycles of 12/12 h. 

All the experimental procedures were approved by Bloomington Institutional Animal Care and 

Use Committee of Indiana University and followed the guidelines for the treatment of animals of 

the International Association for the Study of Pain (Zimmermann, 1983). 

Chemicals: 6r and 6s were dissolved in a vehicle of dimethysulfoxide (Sigma-Aldrich, St. Louis, 

MO), Emulphor® (Alkamuls EL 620L, Solvay, Princeton, NJ), ethanol (Sigma-Aldrich), and 

sterile saline (Aquilite System, Hospira Inc., Lake Forest, IL) in a ratio of 5:2:2:16, respectively. 

Drugs were delivered via intraperitoneal (i.p.) injection in a volume of 10 mL/kg. 

Complete Freunds Adjuvant (CFA)-Induced Inflammatory Nociception: A single intraplantar 

(i.pl.)  injection of complete Freund’s adjuvant (CFA) and saline (at ratio of 1:1; 20 μL total 

volume) was delivered unilaterally into the plantar surface of the right hind paw.  

Assessment of Mechanical Allodynia: Mice were placed in individual transparent Plexiglass 

chambers on an elevated mesh platform and allowed to habituate to the test chamber for a 

minimum of 30 minutes prior to testing. A semi-flexible tip connected to an electronic vonFrey 

anesthesiometer (IITC Life Science Inc., Woodland Hills, CA) was applied vertically to the 

midplantar region of the hind paw with gradually increased force as described previously.68 The 

force in grams (g) that was applied to the plantar surface of the hindpaw and elicited paw 

withdrawal was recorded. Each paw was tested twice, with an interval of several minutes 

separating successive stimulations of the same paw to avoid behavioral sensitization to mechanical 

stimulation. Mechanical paw withdrawal thresholds (g) were averaged for each paw. 

General In Vivo Experimental Protocol: The experimenter was blinded to the treatment 

condition, and all mice were randomly assigned to experimental conditions. Effects of 

pharmacological manipulations were assessed during the maintenance phase of CFA induced 
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inflammatory pain (i.e., beginning 48 hours after CFA injection). Mechanical paw withdrawal 

thresholds were assessed in duplicate in each paw before and 30 minutes after drug administration 

or at the post-injection timepoints specified (i.e. 0.5, 1.5, 2.5 or 4 h). The impact of ascending 

doses of GAT591 (0.1, 0.3, 1, 3, 10, 30 mg/kg, i.p.) or GAT593 (0.1, 0.3, 1, 3, 10, 30 mg/kg, i.p.) 

was assessed within subjects at 3 h intervals across 2 successive days. Three doses were tested on 

each day in ascending order.   

Statistical Analysis: Two-way mixed ANOVA was used to analyze the main effect of drug 

treatments, and main effect of groups, as well as interaction between drug treatments and groups.  

Bonferroni post hoc test was performed for all pairwise comparisons. SPSS 24 (IBM Corporation, 

Armonk, NY) was used to analyze in vivo data. P < 0.05 was considered statistically significant. 

Data was graphed using GraphPad Prism version 5.02 (GraphPad Software, San Diego, CA). Data 

are expressed as mean ± S.E.M. 

Concentration-response curve data analysis and statistics: Data are presented as the mean ± 

the standard error of the mean (S.E.M.) or 95% confidence interval (C.I.) of at least 3 independent 

experiments conducted in duplicate or triplicate, as indicated. Significance was determined by non-

overlapping 95% C.I. or by one- or two-way ANOVA followed by Tukey’s or Bonferroni’s post-

hoc test, as indicated. P < 0.05 was considered significant. Concentration-response curves for are 

presented as % forskolin response for HEK293 cell (Fig. 2, 3),  % bound (Fig. 4a,b), % stimulation 

over baseline (Fig. 4c, d), % compound maximum for CHO hCB1R cAMP HitHunter cells (Fig. 

5), or % CP55,940 response for CHO hCB1R arrestin2 PathHunter cells (Fig. 5).69 Agonist 

concentration-response curves were fit to a nonlinear regression (4 parameter) model to determine 

EC50 and EMin, and EMax in Prism (v. 7, GraphPad Software Inc., San Diego, CA). In order to 
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calculate agonist bias, concentration-response curves were globally fit to the operational model 

(eq. 1; Prism).69-71  

𝐸 =  
𝐸𝑚𝑎𝑥[𝐴]𝑛𝜏𝑛

[𝐴]𝑛𝜏𝑛+([𝐴]+𝐾𝐴)𝑛  Eq. 1 

To best fit data, the transduction coefficient log(τ/KA) (i.e. logR), n, and EMax are shared across 

datasets and logKA is constrained between 0 and -15.69, 71 Relative agonist activity compared to a 

reference agonist (CP55,940 as indicated) is calculated as follows: 

∆𝑙𝑜𝑔𝑅 =  log (𝜏/𝐾𝐴)𝑇𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 −  𝑙𝑜𝑔(𝜏/𝐾𝐴)𝑅𝑒𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 Eq. 2 

∆logR values are then compared for test compounds between assays measuring inhibition of cAMP 

and βarrestin2 recruitment to determine bias factor (∆∆logR) (eq. 3).69, 71 

𝑙𝑜𝑔 𝑏𝑖𝑎𝑠 =  ∆∆𝑙𝑜𝑔𝑅 =  ∆∆log (𝜏/𝐾𝐴)𝑅1−𝑅2 =  ∆𝑙𝑜𝑔(𝜏/𝐾𝐴)𝑅1 −  ∆𝑙𝑜𝑔(𝜏/𝐾𝐴)𝑅2  Eq. 3 
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ABBREVIATIONS USED  

AEA, arachidonoylethanol amine; 2-AG, 2-arachidonoylglycerol; BSA, bovine serum albumin; 

bsmr, based on starting material recovered; cAMP, cyclic adenosine monophosphate; CB1R, 

cannabinoid 1 receptor; CB2R, cannabinoid 2 receptor; CHO, Chinese hamster ovary cells; CI, 

confidence interval; bsmr, based on starting material recovered; CNS, central nervous system; 

DMSO, dimethyl sulfoxide; DCM, dichloromethane; EtOAc, ethyl acetate; Et3N, triethylamine; 

GPCRs, G-protein-coupled receptors; [35S]GTPγS, guanosine 5′-O-(3- [ 35S]thio)triphosphate; 
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HEK293, human embryonic kidney 293 cells; HPLC, high performance liquid chromatography; 

HTS, high-throughput screening; Hz, hertz; K2CO3, potassium carbonate; LAPS, ligand-assisted 

protein structure; LCMS, liquid chromatography mass spectrometry; MHz, megahertz; MeOH, 

methanol; NaBH4, sodium borohydride; NAMs, negative allosteric modulators; Na2SO4, sodium 

sulfate; NaOAc, sodium acetate; NaHCO3, sodium bicarbonate; NaNO2, sodium nitrite; NH4OAc, 

ammonium acetate; NH4Cl, ammonium chloride; NMR, nuclear magnetic resonance 

spectroscopy; NMP, N-methylpyrrolidinone; PPA, polyphosphoric acid; THF, tetrahydrofuran; 

TLC, thin layer chromatography; SAR, structure−activity relationship; SEM, standard error of 

mean; Tris, tris(hydroxymethyl)- aminomethane; UV, ultraviolet; rt, room temperature. 
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