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Abstract

While mu opioid receptor (MOR) agonists are especially effective as broad-spectrum pain
relievers, it has been exceptionally difficult to achieve a clear separation of analgesia from many
problematic side effects. Recently, many groups have sought MOR agonists that induce minimal
Parrestin-mediated signaling because MOR agonist-treated Garrestin2 knockout mice were found
to display enhanced antinociceptive effects with significantly less respiratory depression and
tachyphylaxis. Substantial data now exists to support the premise that G protein signaling biased
MOR agonists can be effective analgesic agents. We recently showed that, within a chemical
series, the degree of bias correlates linearly with the magnitude of the respiratory safety index.
Herein we describe the synthesis and optimization of piperidine benzimidazolone MOR agonists
that together display a wide range of bias (G/farr2). We identify structural features affecting
potency and maximizing bias and show that many compounds have desirable properties, such as
long half-lives and high brain penetration.
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INTRODUCTION

Agonists of the mu opioid receptor (MOR), such as morphine and fentanyl, are extensively
used for the treatment of moderate to severe pain due to their high efficacy;! however, the
dose required to achieve adequate pain relief often elicits multiple unwanted side effects,
including respiratory suppression, constipation, and tolerance. The respiratory suppressive
effect of opioids is especially concerning, as it is the root cause of death by opioid overdose,
which claimed more than 40000 victims in the USA in 2016.2The identification and
development of safer analgesic agents may play an important role in combatting the opioid
epidemic.

The most effective opioid pain relievers are agonists of the MOR.3 As with all G protein
coupled receptors (GPCRs), agonist binding to MOR initiates the dissociation of
heterotrimeric G protein subunits and the activation of subsequent downstream signaling.
The MOR also interacts with Farrestins, scaffolding and regulatory proteins with
multifaceted roles, including receptor desensitization of the G protein cascades and the
facilitation of receptor internalization and signaling that can be distinct from G protein
mediated responses.* Studies using Barrestin2 knockout (Barr2-KO) mice strongly suggest
that the interaction between MOR and Sarrestin2 produces many of morphine’s undesirable
effects in vivo.>~10 In the Barr2-KO mice, morphine retained its analgesic properties, yet, in
comparison to wildtype littermates, constipation, tolerance, and respiratory suppression were
largely attenuated.>810 The basis of this work is to test the hypothesis that a MOR agonist
capable of activating G protein signaling without prompting the engagement of Sarrestins
will separate analgesia from many of the adverse effects that arise downstream of MOR
activation.

The ability of a compound to stimulate one signaling pathway over another upon engaging
the receptor is referred to “functional selectivity” or “biased agonism.”411-14 Compounds
that preferentially activate G protein signaling over SFarrestin2 recruitment in the MOR have
been developed by a number of groups.1>-19 Two reported clinical trials with TRV130 (aka
Oliceridine) demonstrate that one such G protein biased MOR agonist has analgesic efficacy
with a modest improvement in respiratory suppression compared to morphine.2%:21 These
clinical results suggest that imparting G coupling bias in MOR agonists may lead to the
discovery and eventual availability of opioid analgesic agents with improved safety,
especially if the magnitude of signaling bias is augmented so that more than a modest
improvement in therapeutic index may be achieved.

We recently disclosed members of a family of substituted piperidine benzimidazolone MOR
agonists with high affinity for the MOR (0.3-14 nM), high G protein signaling bias (up to
100-fold bias relative to DAMGO in some assays), and high selectivity for MOR over the
other opioid receptors.22 The modular design of the core scaffold permitted extensive
structural diversification, an important advantage because we found that only a small subset
of potential analogues in the series display significant G protein signaling bias. We have
optimized these MOR agonists for potency, G protein signaling bias, and drug-like
properties. Our objective has been to identify compounds with morphine-like efficacy in
vivo (or better) that would not induce respiratory suppression at, or even well above, an

J Med Chem. Author manuscript; available in PMC 2019 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kennedy et al.

Page 3

efficacious dose. Within a set of related compounds, we achieved this goal and demonstrated
that the degree of signaling bias within the series linearly correlated to the magnitude of
protection from respiratory suppression.22 Given that slight structural changes can greatly
impact signaling bias, understanding the structural features favoring alternative MOR
signaling pathways could greatly enhance efforts to identify new safe and efficacious
analgesic agents.

Herein, we report the first comprehensive bias-focused structure—activity relationship (SAR)
study for this class of MOR agonists. We systematically varied the R1"R8 substituents of the
generalized N-benzyl cycloamino benzimidazolone scaffold as well as varied the ring size in
the central saturated ring, which in most cases is a piperidine (Figure 1).

Many structural changes were found to markedly impact the properties of MOR agonists.
The iterative design and evaluation of analogues drove the optimization of G protein
signaling potency, the deselection of Farrestin interactions, and the optimization of desirable
drug-like properties, such as a suitable half-life, lack of cytochrome P450 (CYP) inhibition,
and high blood-brain barrier (BBB) permeability. Signaling bias was characterized using
separate cell-based assays designed to measure G protein coupling and Sarrestin2
recruitment. Bias was quantitated by applying the operational model,23 which measures the
affinity, potency, and efficacy of the compound in each assay relative to the reference full
agonist [D-Ala2, NMe-Phe?, Gly-ol°]-enkephalin (DAMGO) and then allows for
comparison across assays.1123 For optimized biased analogues, we measured various in
vitro parameters, such as liver microsome stability and CYP inhibition, then followed up
with in vivo studies for metabolic stability and BBB permeability. Results from these in vitro
and in vivo studies advance our understanding of the chemical properties that underlie MOR
signaling bias and may aid the development of additional promising leads separating
analgesic activity from unwanted, and potentially deadly, respiratory suppression.

RESULTS AND DISCUSSION

Synthesis.

As shown in Scheme 1, a general five-step synthetic route was used to synthesize the
majority of the benzimidazolone derivatives?* (compounds with a central piperidine ring are
shown; see Scheme S1, Supporting Information, for an alternate route). In the general
procedure, nucleophilic aromatic substitution of a fluoronitrobenzene starting material with
N-Boc-4-aminopiperidine (or in some cases with a homologue having a 5- or 7-membered
ring) was followed by nitro group reduction of 1, cyclic urea formation of 11, Boc
deprotection of 111, and finally, either direct alkylation or reductive amination of IV
produced the desired analogues. Reductive amination used an aldehyde (R® = H) or ketone
(R = Me or Et). The products were isolated and characterized in free base form, unless
indicated, and then were evaluated in all biological and pharmacological assays as either the
free base or as the mono mesylate salt.
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Structure—Activity Relationships.

In these SAR studies, substituents R1-R8 were varied, as was the size of the central ring
(Figure 1). Each analogue was screened for its ability to activate G protein coupling at MOR
using the standard 3°S-GTP S binding assay in membranes from CHO-K1 cells expressing
the human MOR. Barrestin2 recruitment profiles to the human MOR were determined using
a cell-based commercially available enzyme-fragment complementation assay (EFC). In
both assays, full dose response curves for the test compound were run in parallel to the
reference full agonist, DAMGO, as previously described.2? To quantitatively compare the
differences observed between the two signaling assays, the operational model was used to
calculate AAlog(/ Kp) values, with confidence intervals and bias factors (the antilog of
AAlog(t/ Kp)).22:23 A bias factor of 1 (AAlog(z/Kp) value of 0) indicates that the compound
is unbiased relative to DAMGO. A bias factor less than 1 (AAlog(#/ Kp) value less than 0)
indicates bias toward Sarrestin2 recruitment over GTP S binding, while a bias factor greater
than 1 (AAlog(t/ Kp) value greater than 0) indicates bias toward GTP »S binding over
parrestin2 recruitment. Additionally, we used morphine as a clinically relevant opioid
analgesic for comparison purposes. In these assays, we found morphine, with a bias factor of
1.8, to show a slight bias toward G protein coupling over Barrestin2 recruitment compared to
DAMGO. Safer analgesic agents would be expected to have significantly higher levels of G
protein coupling bias.?2

As shown in Table 1, the parent A-benzyl piperidine 4-benzimidazolone (1), with all
substituents R1-R8 = H, had modest potency in the GTP S assay (ECsq = 2.2 £M) but was a
full agonist (Emax = 78% of DAMGO). Compound 1 performed similar to DAMGO in both
assays (GTP yS/pgarr2 bias factor = 0.9). After exploring the impact of various R6-R®
substituents on the A-benzyl ring, we found that the addition of an orth0-Cl (2) or para-Cl
substituent (4)22 improved potency. The ortho-Cl substituent also imparted a modest G
protein signaling bias (GTP yS/Barr2 bias factor = 2.5).

Many para-substituted analogues (4—7) were similar in potency and efficacy in the GTP »S
assay (ECsg = 367-591 nM, Epax = 68-88%) and were similarly unbiased (GTP »S/fFarr2
bias factors = 0.9-1.2). para-Substituted analogues (8—10) were less potent and/or
efficacious in the GTP %S assay compared to 4-7, with 10 showing no significant activity
until the 10 &M concentration. The meta-substituted compounds 3, 11, and 12 were also less
potent and less efficacious in the GTP »S assay in comparison to their para-substituted
counterparts, with compound 11 acting as a partial GTP S agonist (Epmax = 33% of
DAMGO). When a second CI substituent was added to the para position (13), the GTP »S
potency and efficacy was reduced further and the potency at Barrestin2 was outside the
experimental range of the assay. Thus, ortfi0 and para substituted A~benzyl analogues were
of greatest interest in this series from the perspective of obtaining biased agonists of useful
potency. The potential for combining the ortho and para effects was demonstrated with
compounds 14 and 15, in which 14 is a potent full agonist showing some bias for G protein
signaling (ECsg = 152 nM, Epax = 93%, GTP »S/Farr2 bias factor = 3.8).

As shown in Table 2, adding an A-benzylic methyl group (R® = Me) substantially increased
potency in the parent racemic compound (16, ECs = 102 nM)?2 as compared to 2 but had
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little effect on GTP )/S/Barr2 bias. Analogous to the Table 1 series, the addition of an ortho-
or para-Cl substituent further augmented potency (ECsp = 31 and 16 nM, respectively). In
this case, the para-Cl compound 1822 was more biased than was the ortho-Cl compound 17.
The boost in GTP %S potency and efficacy eroded when an ethyl rather than a methyl group
was present (19).

Replacement of the para-Cl substituent with either para-F substituent (20) or para-OMe
group (22) gave potent compounds but with reduced bias; however, replacement with either
a para-Br substituent (21) or para-OCF3 group (26), increased GTP-yS/farr2 bias to 4.1 and
8.3, respectively. Increasing the size of the alkoxy group to ethoxy (23), iso-propoxy (24), or
ethylene dioxy (25)22 eroded potency in the GTP S assay; however, the GTP »S/garr2 bias
factor of 24 was modestly increased to 3.6. Compounds 20 and 25, interestingly, promoted
bias toward Barrestin2 recruitment, opposite of what is expected to provide analgesia with
reduced side effects (GTP yS/Farr2 bias factors = 0.56 and 0.47, respectively). We
previously observed Barrestin2 bias for fentanyl vs DAMGO at the human MOR when
comparing GTP %S binding and the Farrestin2 recruitment using the enzyme fragment
complementation assays (as used in this current study, GTP »S/Farr2 bias factor = 0.18,
measured relative to DAMGO)22 and drew correlations with a reduced therapeutic index
comparing mouse hot plate responses to changes in arterial oxygen saturation. Compound
25, aka SR-11501, shared similar profiles with fentanyl in both the in vivo and in vitro
assays,22 and thus, it is attractive to speculate that preference for Barrestin2 recruitment over
G protein coupling in vitro will consistently indicate a very narrow respiratory safety index
in vivo. Compounds such as 20 and additional compounds across a range of bias factors will
allow further testing of this hypothesis. Finally, compounds 27 and 28 showed that the
addition of an ortho-F substituent had little effect on the potency, efficacy, and bias of
compounds having para-Cl (18) and para-Br (21) substituents.

We then investigated the effect of varying benzimidazolone substituents R1-R* (see Table
3). In this study, for consistency in interpretation, we held the distal A-benzyl substituent
constant as an ortho-Cl (R8 = Cl). Compounds with a Cl at R1(29), R?(30), or R3 (31) were
full agonists with increased GTP S potency, GTP 4S efficacy, and GTP »S/garr2 bias
relative to the des-Cl analogue 2. Compound 32, with R* = CI, however, was far less active.
The near-complete lack of potency for compounds 30 and 31 in the Sarrestin2 recruitment
assay (ECsp > 10 ¢M) was encouraging and led us to explore whether groups other than Cl
might also deselect Barrestin2 recruitment. Thus, we studied compounds with various R?
substituents (33-39) and found that the groups shown erode GTP y potency and/or GTP S/
Barr2 bias, except for compound 33, RZ = Me, which was similar in potency and efficacy in
the GTP y assay but was slightly less biased due to the higher potency in the SBarrestin2
recruitment assay (ECsg = 6.8 ¢M). We concluded that a chloro substituent in the
benzimidazolone ring system (R, R2, or R3 = CI) favors higher potency and efficacy in the
GTP S assay while giving substantial bias (i.e., minimal Sarrestin2 recruitment).

To determine if the benzimidazolone chloro effect was compatible with substituents other
than ortho-Cl on the distal A-benzyl ring, as well as to evaluate compatibility with a
benzylic methyl at R® (which was expected to increase potency, as was shown in Table 2),
another diverse series of analogues was investigated (Table 4). This set of compounds
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contained, in the Atbenzyl ring, ortho-Fand para-Br substituents at R8 and R8, respectively,
because this combination had given advantages in potency and bias (see Table 2, compare 17
and 27).

Compared to compound 15, with R1-R® = H, the presence of Cl at R! (40), R? (41), or R3
(42) had little effect on potency in the GTP S assay, but bias was more pronounced,
especially in compound 41 (GTP y/farr2 bias factor = 23, Table 4). Potency in the GTP»S
assay was greatly augmented, as noted earlier (Table 2), with the addition of a benzylic
methyl group at R®: see compounds 15 and 27, while bias was relatively unchanged. Di- and
trichlorinated analogues were also prepared. A Cl present at both R1 and R3 (43) had no
advantage over the reference compound 15 with regard to potency in G protein signaling or
in bias disfavoring Sarrestin2 recruitment. On the other hand, a Cl at both R2 and R3 (44),
while similar in potency to compound 15 in the GTP S signaling assay (ECsg = 91 nM),
was essentially devoid of all Farrestin2 recruitment activity (ECsg > 10 1M, Epyax = 12% of
DAMGO, GTPy/fgarr2 bias factor = 56). As expected based upon earlier data for compound
32(Table 3), a Cl at R* is not tolerated; thus, the trichloro compound 45 lost potency in the
GTPyS assay.

The potency and bias effects for the compound series in Table 4 are made even more
apparent when comparing full dose—response curves, as shown in Figure 2. Moving
clockwise within the figure, part A shows curves for the GTP S binding assay (circles) and
the Barrestin2 recruitment assay (squares) for the modestly biased reference compound 15
(green) compared with DAMGO (white). Part B shows the potency enhancement seen for
27, which has a benzylic methyl group: note the left-shifted curve (red circles). Part C shows
data for the monochloro substituted compound 41, which is less potent because it lacks a
benzylic methyl group but is still highly biased. Part D shows data for compound 43, the less
biased and less potent dichloro benzimidazolone analogue. Part E shows the enhanced
signaling bias of compound 44; note the flattened Farrestin2 curve (blue squares). The right-
shifted curve (dark-blue circles) in part F depicts the significantly less potent compound 45.
It is worth noting that at the highest concentrations tested, in some cases we see an increase
in response; however, we are unable to determine if the response would plateau, as solubility
limitations preclude higher concentrations in the assay. Therefore, in the tables, % maximum
stimulation at 10000 nM is provided when potency cannot be calculated. Finally, part G
graphically compares the analogues and depicts the substantial signaling bias seen for
compounds 41 and 44 (GTP y/fBarr2 bias factors = 23 and 56, respectively).

With the finding that compound 44, with R2 = R3 = ClI, has the greatest bias among Table 4
analogues, we then held this portion of the structure constant and also held the substitution
pattern in the distal A-benzyl ring constant, with a para-Br substituent, which we had shown
to confer Barrestin2 bias (see compound 15 in Table 1 and compound 21 in Table 2). The
additional ortho-F substituent in Table 4 analogues had only a small effect; compare
compound 44(Table 4) to compound 46 (Table 5). With both ends of the molecule held
constant, we probed the effect of changing the size of the central ring as well as altering
where the benzimidazolone is attached (Table 5). The 7-membered (47) and 5-membered
ring analogues (48 and 49) were less potent in the GTP»S assay and were less biased
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relative to the corresponding 4-substituted piperidine (46, ECsg = 149 nM and GTP yS/garr2
bias factor = 45).22 Furthermore, the 3-substituted piperidines (50 and 51) were essentially
inactive as MOR agonists, with no significant efficacy until tested at the 10 zivi
concentration.

Drug Metabolism and Pharmacokinetics (DMPK) Properties.

For a compound to advance into further development, it must be metabolically stable and
must have suitable tissue distribution (including, in this case, high brain exposure).
Furthermore, compounds must be nontoxic at efficacious doses and must not prompt drug—
drug interactions. As a preliminary gauge of compound metabolic stability, we assessed the
stability of promising compounds in the presence of mouse and human liver microsomes. To
determine the potential for drug—drug interactions, we studied their ability to inhibit four of
the major metabolizing cytochrome P450 (CYP) isoforms. This in vitro DMPK data was
used, along with the GTP »Spotency and GTP yS/arr2 bias data, to select compounds for
further PK evaluation in vivo.

Table 6 shows selected in vitro and in vivo properties of many compounds in the series that
were chosen for follow-up due to their significant GTP S potency (ECsq < 400 nM) and
high bias (GTP)S/garr2 bias factor >5). An exception is compound 25, which was used as a
comparator. This compound, like fentanyl,22 is Barrestion2 biased (relative to DAMGO) and
thus is expected to have enhanced respiratory suppressive effects that could limit its
usefulness. In this series, the inhibition of CYP isoforms was not a major concern: among
the compounds tested, only compound 29 gave >50% inhibition of any CYP isoform at 10
UM. The liver microsome stability of these compounds was more widely variable.
Fortunately, human liver microsome stability exceeding 1 h was seen in some of the
compounds (26, 41, 44, and 46).Though these compounds were generally less stable to
mouse liver microsomes compared to the human, stability was sufficient for in vivo PK
evaluations in mice. Of note, we previously reported that the G protein and Barrestin2
signaling profiles for two compounds in this series (25 and 46) are consistent between the
mouse and human MOR.%2

To determine if our MOR agonists could penetrate the BBB, which is required in an opioid
analgesic agent, compound 25 and the compounds most highly biased toward GTP S over
Parr2 (41, 44, and 46) were administered intraperitoneally (ip) at 6 mg/kg22 and brain levels
were determined after 1 h. As shown in Table 6, these compounds were present in the brain
1 h following systemic injection at levels exceeding that seen with a systemic injection of
morphine at the same dose. High brain levels at this time point are consistent with enhanced
compound stability as indicated by liver microsome stability data, suggesting the value of
using in vitro DMPK assessments to drive the selection of compounds for in vivo evaluation.

CONCLUSIONS

In analyzing data for the set of 51 related compounds shown in Tables 1-5, as well as
DMPK and efficacy properties (Table 6 and Figure 2), we have established a pharmacophore
for G protein biased MOR agonism. Certain hydrophobic substituents, especially halogen
atoms in the distal benzimidazolone and the A-benzyl ring, are essential for extreme G
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protein coupling bias, relative to DAMGO. The presence of a central piperidine ring is also
preferred. In many cases, a benzylic methyl group augments potency and has a small but
typically beneficial impact upon bias. The structural basis for these effects is currently under
investigation. Additional ongoing studies include: more extensive target selectivity profiling
of top compounds, safety studies, antinociceptive studies in multiple species, and the
separation and/or the stereoselective asymmetric synthesis of individual isomers of
analogues reported here as racemates (e.g., Table 2 compounds). Because the degree of
respiratory safety correlates linearly with the magnitude of the GTP yS/arr2 bias factor as
calculated herein,22 we hope that the trends noted in this SAR study may guide the design of
substantially safer opioid analgesic agents.

EXPERIMENTAL SECTION

General Procedures.

Materials were purchased from commercial vendors and used without purification. All
moisture-sensitive reactions were performed under argon. Experiments were monitored by
LCMS or TLC and visualized using an ultraviolet lamp (254 nm) or staining with KMnQyg.
Flash column chromatography was performed using a Teledyne ISCO Combiflash Rf+ and
Luknova silica gel cartridges. All NMR data was collected at room temperature on a Briker
Ultrashield 400 MHz nuclear magnetic resonance spectrometer. Chemical shifts for 1H
NMR spectra are reported in parts per million (ppm) relative to residual solvent signal as an
internal standard: DMSO (62.50), CHCI3 (6 7.26), or MeOH (6 3.31). Multiplicities are
given as s (singlet), d (doublet), t (triplet), q (quartet), or m (multiplet). Coupling constants
are reported as a Jvalue in hertz (Hz). Mass spectra were recorded on a Thermo Scientific
3000 LCQ Fleet system (ESI) using a Discovery HS C18 HPLC column (10 cm x 2.1 mm, 5
4m) at 35 °C with UV detection at 210, 254, and 280 nm. Flow rate was 0.7 mL/min using a
solvent gradient of 5-95% B over 4 min (total run time = 6 min), where A = 0.1% formic
acid in water and B = 0.1% formic acid in acetonitrile. Analytical HPLC was performed on
an Agilent 1100 series using an Agilent Eclipse XDB-C18 HPLC column (4.6 mm x 150
mm, 5 xm) with UV detection at 254 nm. Flow rate was 1.75 mL/min using a solvent
gradient of 10-90% B over 8 min (total run time = 10 min), where A =0.1% TFA and 1%
acetonitrile in water and B = acetonitrile. The purity of all compounds used in the bioassays
was determined to be =95% by analytical HPLC. For the in vitro studies, DAMGO (Tocris)
and morphine sulfate pentahydrate (NIDA Drug Supply Program) were dissolved in water as
10 mM stocks. All other compounds were dissolved in 100% DMSO as 10 mM stocks. For
all assays, the final DMSO concentration was 1%.

tert-Butyl 4-((2-Nitrophenyl)amino)piperidine-1-carboxylate (I).22—A mixture of
1-fluoro-2-nitrobenzene (0.5 mL, 5.0 mmol), A~boc-4-aminopiperidine (1.0 g, 5.0 mmol),
K,CO3 (0.8 g, 5.9 mmol), and DMSO (5 mL) was stirred at room temperature overnight
under argon. The reaction mixture was quenched with water, and the aqueous layer was
extracted with CH,Cl,; the combined organic layers were dried over Na,SO4 and
concentrated to dryness. Purification afforded pure product 1(1.5 g, 93% yield). 1H NMR
(400 MHz, CDCl3) §8.17 (dd, /= 8.6, 1.8 Hz, 1H), 8.08 (d, /= 1.6 Hz, 1H), 7.42 (td, /=
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7.8, 1.6 Hz, 1H), 6.86 (d, J= 8.4 Hz, 1H), 6.64 (td, J= 7.8, 1.2 Hz, 1H), 4.01 (dt, /= 13.6,
3.8 Hz, 1H), 3.70-3.64 (m, 1H), 3.04 (td, J= 12.2, 3.0 Hz, 2H).

tert-Butyl 4-((2-Aminophenyl)amino)piperidine-1-carboxylate (11).22—A 50%
aqueous suspension of Raney nickel (11.9 mL) was added to a mixture of I (1.5 g, 4.7
mmol) in absolute EtOH (95 mL). Hydrazine hydrate (2.3 mL, 47 mmol) was then added
dropwise. The mixture was heated to 45 °C, stirred for 10 min, and then filtered through a
pad of Celite. The pad was washed with MeOH, and the filtrate was concentrated to dryness.
Purification afforded pure product 11 (1.0 g, 74% yield). 'H NMR (400 MHz, CDCl3) §6.79
(td, J=7.2,2.2 Hz, 1H), 6.72-6.66 (m, 3H), 4.14-4.02 (m, 1H), 3.41-3.34 (m, 4H), 2.93 (t,
J=11.8 Hz, 2H), 2.00 (dd, J=13.0, 3.0 Hz, 2H), 1.48 (s, 9H), 1.36 (qd, J=12.2, 4.0 Hz,
2H). MS(ml2): [M + H] calcd for C1gH26N30, 292.19, found 291.76.

tert-Butyl 4-(2-Oxo0-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-piperidine-1-
carboxylate (I11).22—CDI (780 mg, 4.8 mmol) was slowly added to a solution of 11(1.0 g,
3.4 mmol) in THF (30 mL). The reaction mixture was stirred overnight at room temperature
under argon and then quenched with 10% HCI. The aqueous layer was extracted with
EtOAc. The combined organic layers were dried over Na,SO,4 and concentrated to dryness.
Purification afforded pure product I11 (0.6 g, 55% yield). 1H NMR (400 MHz, CDCl3) 6
9.30 (s, 1H), 7.16-7.06 (m, 4H), 4.48 (tt, /= 12.6, 4.0 Hz, 1H), 4.33 (dd, J=11.6, 2.0 Hz,
2H), 2.88 (td, /= 13.0, 2.4 Hz, 2H), 2.34 (qd, /= 12.8, 4.4 Hz, 2H), 1.84 (dd, /= 12.0, 2.4
Hz, 2H), 1.51 (s, 9H). MS(m/2): [M + H] calcd for C17H24N303 318.17, found 317.71.

1-(Piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one TFA Salt (1V).22—Compound 111
(0.6 g, 1.9 mmol) was dissolved in a 33% solution of TFA in CH,Cl, (6 mL). The reaction
mixture was stirred at room temperature until completion and then was concentrated to
dryness. The solid was dissolved in 1:1 water/acetonitrile. The solution was frozen and then
subjected to lyophilization overnight giving 1V in the form of a TFA salt. This material was
used without further purification. 1H NMR (400 MHz, CD30D) 67.29-7.26 (m, 1H),
7.11-7.08 (m, 3H), 4.55 (tt, /= 12.2, 4.2 Hz, 1H), 3.58 (dt, /= 12.8, 2.2 Hz, 2H), 3.22 (td, J
=13.2, 2.4 Hz, 2H), 2.74 (qd, J= 12.6, 4.4 Hz, 2H), 2.06 (dd, /= 12.8, 1.6 Hz, 2H).
MS(mi2): [M + H] calcd for C15,H16N30 218.12, found 217.92.

1-(1-(Benzyl)piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one (1).2°—A mixture of
IV (free base, 110 mg, 0.5 mmol), benzyl bromide (87 mg, 0.5 mmol), DIPEA (132 /L, 0.8
mmol), and DMF (1 mL) was stirred at room temperature overnight under argon. Upon
completion, the solvent was removed under reduced pressure, and the residue was dissolved
in EtOAc (20 mL). This reaction mixture was washed with saturated NaHCO3 followed by
brine. The organic layer was dried over Na,SO4 and concentrated to dryness. Purification
afforded pure product 1 (139 mg, 89% yield). 1H NMR (400 MHz, (CD3),SO) 610.82 (s,
1H), 7.35-7.34 (m, 4H), 7.28-7.21 (m, 1H), 7.01-6.95 (m, 3H), 4.14 (tt, /= 12.4, 4.0 Hz,
1H), 3.53 (s, 2H), 2.94 (d, J=11.6 Hz, 2H), 2.35 (qd, J=12.4, 4.0 Hz, 2H), 2.09 (t, /= 11.0
Hz, 2H), 1.64 (d, J= 9.2 Hz, 2H). MS(m/2): [M + H] calcd for C19H,»>N30 308.17, found
308.06. HPLC #; = 3.39 min.
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GTP S Binding.

MOR-stimulated GTP S binding was determined in membranes prepared from CHO-
hMOR cells as described.22 CHO-hMOR cells were serum-starved for 30 min and collected
via gentle scraping in EDTA buffer. Membranes were then prepared via dounce
homogenization and centrifugation at 200009 for 30 min at 4 °C. GTP S binding reactions
were performed in 200 L volumes containing 10 1g of CHO-hMOR membranes, 50 (/M
guanosine-5”-diphosphate (GDP, Sigma-Aldrich G7127), 0.1 nM 35S-GTP S (PerkinElmer
NEGO030H), and concentrations of the compounds ranging from 0.1 nM to 10 ¢M were
incubated for 1 h at room temperature. Reactions were terminated by rapid filtration through
GF/B glass fiber filter plates (PerkinElmer), and radioactivity was counted with a TopCount
NXT scintillation counter (PerkinElmer).

parrestin2 Enzyme Fragment Complementation Assay.

USOS-pfarrestin-hMOR-PathHunter cells (DiscoveRx 93-0213C3) were used to determine
Barrestin2 interactions with the MOR by an enzyme fragment complementation assay.2? The
cells (4000 cells/ well) were incubated with 0.1 nM to 10-31 M (depending on compound
solubility) concentrations of the test compounds at 37 °C for 90 min, and Barrestin2
translocation was determined according to the manufacturer’s instructions (DiscoveRx).
Luminescence was measured using a SpectraMax M5€ microplate reader (Molecular
Devices) with 1 s integration times.

Pharmacokinetic Parameters.

To determine stability in hepatic microsomes, compound (1 £M) was incubated with 1
mg/mL human or mouse hepatic micosomes at 37 °C with continuous shaking.2® At 0, 5, 10,
20, 40, and 60 min time points, aliquots were removed and acetonitrile was added to quench
the reactions and precipitate the proteins. Samples were then centrifuged though 0.45 tm
filter plates and half-lives were determined by LC-MS/MS.

To determine cytochrome P450 inhibition, 1 M compound was incubated with human liver
microsomes and selective marker substrates (LA2, phenacetin demethylation to
acetaminophen; 2C9, tolbutamide hydroxylation to hydroxytolbutamide; 2D6, bufuralol
hydroxylation to 4" -hydroxybufuralol; 3A4, midazolam hydroxylation to 1’-
hydroxymidazolam). After a 10 min incubation, the reaction was terminated and the percent
inhibition was determined.2’

Pharmacokinetics in Mice.—Male C57BL6/J mice were purchased from Jackson
Laboratory (Bar Harbor, ME) and assessed at 10—-12 weeks per age. All mice were used in
accordance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals with approval by the Scripps Research Institutional Animal Care and
Use Committee (IACUC). To determine brain penetrance, mice were injected with drug (ip
at mg/kg at 10 /g volumes mouse body weight using a vehicle of 1:1:8 DMSO, Tween 80,
and purified water). Mice were sacrificed by cervical dislocation 1 h following drug
treatment, and isolated brains were flash frozen in liquid nitrogen. Drug levels were
determined using a LC-MS operated in positive-ion mode, 1 h after treatment.

J Med Chem. Author manuscript; available in PMC 2019 February 22.
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Data and Statistical Analysis.

GraphPad Prism (v. 7.0) was used for data and statistical analysis. All data are presented as
mean + SEM or with 95% confidence intervals, as indicated in the figure and table legends.
For the in vitro studies, the assays were run in duplicate, with at least three independent
replicates and DAMGO was run as the reference compound in every experiment for
normalization. ECsg and £y ax Values were calculated by nonlinear (three parameter)
regression analysis. Because of the limit of solubility for some compounds, Eyax values are
reported at 10 4M concentrations in instances where the data did not converge or where
potency values were outside the linear experimental range of the assay.

Analysis of Bias.—Bias factors were calculated according to the operational model using
DAMGO as the reference agonist. As in the prior article, the conservative constraint was
applied to the operational model to fit the K value to fall between 0 and 10715 M to allow
for curve fitting in the absence of reaching a maximum plateau in one of the responses; the
Alog(t/ Kp) values relative to DAMGO were constrained to be less than 10.22:27

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

BBB blood-brain barrier

Boc tert-butyloxycarbonyl

CDI 1,1-carbonyldiimidazole

CHyCl, methylene chloride

CYP cytochrome P450

DAMGO [D-Ala2, NMe-Phe?, Gly-ol°]-enkephalin
DIPEA N, N-diisopropylethylamine

DMPK drug metabolism and pharmacokinetics
DMSO dimethylsulfoxide

ECsg half-maximal effective concentration
Emax maximal efficacy

EFC enzyme fragment complementation
EtOH ethanol
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Figure 1.
General structure of A-benzyl piperidine 4-benzimidazolones. The sites for structure

diversification R1-R® and nare highlighted by the colored circles.
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Figure 2.

SAR increasing activation of G protein binding with differential Farrestin 2 signaling
profiles. Four analogues were synthesized to determine how the addition of chlorine
substituents to the benzimidazolone ring affects bias (41, 43-45). Analogues were compared
to compound 15, which has an unsubstituted benzimidazolone ring. Compound 27 was made
to determine the effect that the addition of a benzylic methyl group had on bias compared to
15. Concentration-response curves in the GTP S binding (circles) and Barrestin2-EFC
assays (squares) are shown for the test compounds (solid symbols) versus DAMGO (open
symbols) and are presented as mean + SEM; curves are the result of three-parameter
nonlinear regression analysis. AAlog( = Ka) values are plotted to demonstrate relative bias
with 95% confidence intervals. Significant bias compared to DAMGO was determined by an
unpaired, two-tailed ftest: ****p < 0.0001; **p < 0.01; *p < 0.05.
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General Five-Step Synthetic Route for the Preparation of Substituted Piperidine 4-

Benzimidazolones

J Med Chem. Author manuscript; available in PMC 2019 February 22.




Page 18

Kennedy et al.

‘paulwILlep JouU =, /,,

'H = yxd UMOUYs Jou 10 uelq v:m.

R
¥4 59500120 680 YOO FTT- 9F 6 09F /66 | v00FL0- | TOF9 9T ¥ 0TT g E ST
o1 0e ) o
8'c 58001 0E0) 850 T0FCI- GFGL TIP 70882 | €00F90- 17€6 0T ¥ 25T o) EN 1
/ / / oEFY oN Z0F8C- 2F L2 G9S F €219 o) 12 1
T1 (¥20016T°0-) €00 | 600F 8T~ v F 62 88/TF9286 | SOOF8TI- v F 19 €8T ¥ 1291 €400 4
0 (290 01 £0°0-) 00 Z0F - J¥8 00000T< | 2505671~ TFEe 09T ¥ 8STT 3NO 1
/ / / oT0FE00 N / ot FLL ON ZHN(0)D or
/ / / 050FI o°N ToFze- | zer | esoFveve ND 6
TT (Lv°0 01 92°0-) 90°0 TOFVT- €F62 688 F GEVE | YOO F ¥'TI- 9768 G/ ¥09. | aW(O)OHN 8
160 (9e'00157°0-) 0’0~ | TOOF 2T~ SFIY €0 F Y522 | SO0FZT- £788 6Y T 165 EINo) L
TT (Te001zz0-)500 | 900F €T~ 97/ 9/0TFT199 | TOFCT- vFoL LEF 198 19 9
071 (6200122°0-)T00 | 800FT'T- £F€9 L6V F00VZ | 900 F 0T~ ZF98 Ly F ey 3N g
1 (6£00152°0-) .00 | 800FST- | OTF.9 | 69T F959. | 600 F t'I- v 789 8G F 165 o) u”
9T @s001800-)z20 | 600F0z- | oV OFO | 500001< | g50z7 | 1w | serTweer 19 g
R
¥4 kam 001720) 0 S00F2T- 67F 96 909 F /8Vy | L00F80- 2F26 6T ¥ 002 o z
60 (9T°00162°0-) 00~ | L00F8T- ZFOov 9/9T 75528 | 900 F 81~ £¥8. 062 F €812 T
R
81 HEE0OTOISTO | oz g TF12C ITF6.€ | €00FE0- T7¢€8 €T 19 auiydio
0T 0 00T £'8 7022 001 TFEE 09NVA
v XVIN 0S. XVIN
J010e4 seig UA_ovﬁmm ("2)borvv (Y>1/2)Bojy o(%) X113 | 5(u) 3 (Y>1/2)Boly o) *13 (W) %503 gd | oo | 3siuoby
2
N\ S
” l,, \_.. t,...u/
6 L § W
uswilinJaos ullsaaie ulpul - \
(zaregishd o) seig (PUeLINI08Y ZunsaLied qPuIPuIg SAdLO-See :

' gtd—od SIBMINSANS |AZUBE 7V UM SeAIeALIRQ BUOJ0ZepIWIZUSg-1 aulpHadid |AZUsg-\V J0 ANAIDY JusWHNIORY gunsaitey pue Bulpulg S£d 1D

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 19

Kennedy et al.

72'78€02-US B paniodas Ajsnoinaid sem uc:anooQ

'50°0 < asIMIBYI0 'T0'0 >0,

1000>4,
"1000°0 vnm

115817 pajlel-oMm] ‘paliedun ue Ag paulwialep sem O9INVA 01 patedwod seiq Juediiubis "papiaoid ale (1D %S6) S[eAlalul 8dUspIIU0d %66 ‘sanfen (V//1)Bolvy _oub

‘pareaipul ataym anjen XVIAZ ue ueyy Jayres papinoid si AU
0000T e uole[NWS wnuwixew Jo abejuadiad aylpue (399448 ou paonpold UOIRIIUSIUOD WNWIXew ayl J1) DN 10 (PaAISSCO ag PIN0I UOIIRINWIS SWOS 1) AU 0000T< Se pajou si st 0503 ayp ‘(Aesse uisyoid
DU Ul N g_0T ‘Asesse unsaurey ayy ur m.vlod palsa) suolenuaduod 1saybiy ay 1e nearejd Buiyoeal Jou 03 anp Buimy aAIND uoissalbal Jeautjuou e 0} 361aAU0D 10U PIP BIep 8Y} aJaUYM SaouelISUL ul,

*a1eo1|dii) Jo a1ealjdnp Ul uns sAesse a1ow 10 831y} JO |NTS F Uesw se pajussaid

ale eled "O9INWVA 01 dAITe|al ‘[apow euolrelado ayl Aq pauiwiaiap aiam sanjen (Vy//2)Bojy pue uoissaifial Jeauljuou Aq parejnajed atam sanjen (XVINF) Aoeaiys pue (0503) Aousiod ‘Aesse yoea c_E_>>Q

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 20

Kennedy et al.

1817 pajie1-omi ‘paliedun ue Ag paulwialep sem O9IAVA 01 pasedwod seiq 1uedlIubis ‘papiroid aie (1D %G6) S[eAIIUI 30USPLUOD %66 ‘sanfen (V//2)Bolvy jod

*a1e01|d 13 Jo aredljdnp ul uni sAesse alow 1o 831y} JO NJS F Ueaw Se pajuasald
aJe eled "O9INVA 01 dAITe[a) ‘|apow Jeuoiielado syl Aq paulwialap a1am sanfen (Wy//2)60o|v pue uoissalfal Jeaurjuou Aq pale|ndjed atem sanjen (XVINF) Aoeaiys pue (0503) Lousiod ‘Aesse yaea Uiy

q

"s91ELLATE S Palsa) PUE BPEW 818M SPUNOAWIOD |V "H = ¥ ‘UMOYS 10U O Yue|q i,

62 (280 010T°0) 970 600 F £0- 9728 6 ¥ v8Y v00F 20 €786 TZF e 12 4| 8z
T o1re ) 7o
ee uao 0036€10) 250 G00F 70— L¥28 19 F €25 Y00 F 20 27 €6 v'ZF 8l 1g 4 | N 1z
-
€8 nam 10179°0) 260 900¥80- | £F00T 82¢¥8/9T | 800FT0 T¥96 LyF1e | €400 aN 9z
1o ) v
190 na 0- 015v0-) €0 900F20- | C¢z¥F6S 0S ¥ L0V 200¥G0- | 6€FLL G'8F 86 -0°HOHOO0- AN 93¢
9 4(06°0 01 22°0) 95°0 T0F9T- TFES SIEFEIVS | 900FTT- | ZF¢€8 1€ F 66 10 EN ve
060 (#Z001€£°0-) ¥00- | TOF90- €F05 GOTF¥/0T | 900F20- | ZFv6 GZ 68T 130 aN 54
980 (££'0 01 05'0-) 90°0~ T0OFY0 8¥GL 8T ¥ /8 €00F 70 ZF56 v90FET | eWO EN raA
TV JaTTOTT0) 190 T0F20 SFZ6 T8l 20080 ZF16 0T 8Y 1g 3N 12
95°0 (20001€50-) 920~ | TOF20- G§¥8L 9,F7..8 | S00F¥0- | zFe6 £8FGL 4 aN 0z
180 (LT°0 01 98°0-) 60°0~ 800 F ¢- vF¥ee | eez1F0509 | 800F6T- | TF8S | v6T FE6ST 19 13 6T
12 4(95°0 01 60°0) €0 9007200 | ¥¥S6 Y2 ¥ ¥8T L00F€0 LF16 ZTFOT o) 3N &8
071 (8T°0 01 2°0-) TO'0- 900F 10 STF6L 6T F66T | SO0FS00 TF96 T20F1IE 10 | aw L1
L0 (80°00167°0-) 8T0- | L000FE0- vF 19 GFLy | v00FS0- | L2768 0T ¥ 20T aN o9
R
81 uﬁmm 003 LT0) §Z0 €00 F90- T1F42 LTF6. | 00Fe0- | TFes EF V9 auiydio
0T 0 00T £'8F 022 00T TFEE 09NVA
v
sopegseig | o696 CHABOVY | oy aysog | (00) xg | (awo03 | (simBorw | 06) 3 | (awosoa | e | 1 | | s | sty
m O‘r
oty -
\ A
d 6 " = N
uswilinads ullsadie! ulpul -
(¢1red/shd 1) seig greumoed ey q P SEdLO e

,t—gd SIUBMIISANS |AZUdgG 7V UM SaAIeALIRQ BUOJ0ZepIWIZUSg-1 aulpHadid |AZUsg-\V J0 ANAIDY JusWHNIORY gunsaitey pue Bulpulg S£d1D

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 21

Kennedy et al.

7z M19A10adsal ‘TOSTT-US(F) pue 'S90TT-US(¥) 'S658-US(¥) se pariodal Ajsnotnaid aism Gz pue ‘8T ‘9T spunodwiod .,
70000 >¢
0000>4,

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 22

Kennedy et al.

15917 pajie1-oM) ‘patredun ue Aq pauiwisIap sem OOINWVA 01 paredwod seiq uediiubis ‘papinoid are (1D %G6) S|eAISIUI 30UBPIU0I 9456 ‘sanjeA (V)//1)Bolvy Jo4

D

"papinoid st INU 000'0T ¥e uoenwins
wnwixew Jo abejuadiad ayl ‘(U 0000T < 0503) abues [ejuswiLiadxa ay) apIsINo anjeA e paonpold 1o ‘parended ag pjnod anjea Aouajod ou aloaiay) pue (QN) 861aAU0D 10U pIP Blep 8yl a1aym saoueisul c_u

"a1ea1|dLy 10 arearjdnp ul unt sAesse alow 10 831y} JO NS F Ueaw se pajussald
ale ejed "ODINVA 03 8AIe|aJ ‘|apow [euolrelado ayy Ag paulwialap alam sanfen (V)//2)60o]y pue uoissaifias Jeauljuou Ag pajejnajea asam sanjea (XVINF) Aoeaiys pue (0503) Aousiod ‘Aesse yaea Ulyipn

q

"POUILLIBIAP 10U =, /,, "H = y & ‘UMOYS 10U 10 Yue|q i,

/ / / g 0¥ 0" ON s00Tge- | o¢FLF 000'0T< NO 6

01 (LT'0015T'0-) 100 Y00 F G2 ot ¥ 9 000'0T< LJ00F G2 1F6. 1€1 ¥ 819/ 3NZ0S 8¢
TF¢ P _ _ c

/ / / 2 ON €00F 6T~ TF.S TTT ¥ 9€2T 400 L€
61 (eL0012T0-) 82°0 T0¥2¢ otF 8l 000'0T < T00F6'T- €F €01 9, €212 3NO 9
€T (Lr'00192°0-) TT0 60°0 ¥ 80— 9F8L STEF V9T | TOFL0- 196 QT FTIT 4 Ge
€T (Lz001€00-) 2T €00 F 50— €708 TEFEV8 Y00 F 70— 7716 G¥ /S g e
Sy (18'0 01 67°0) 590 S00FST- v F6L LEET¥69.9 | €00 F80- 7766 9'6 F YT aN e

T+7 o | |

/ / / 2 ON L00F2C- 9T +99 YL F60TE | 1D z€

_ . . e VT oy . o _ -
69 (2Z’T0197°0) ¥8°0 FAVES 2 000°0T< 800 ¥ 9'0— 7766 9T F8YI 12 1€
T2 (ITT0090)680 | 900791 | 27T 0000T< | 600F20- | zFe6 £2 7 ¥81 19 0g
8'g (TO'T 01 150)9L°0 80°0 F 60— 0T ¥69 92€ ¥296T | 600 F T0- 1766 L'9F 8y 6¢
gz (65001 T2°0)¥°0 GS00F 2T~ 6 ¥ 96 909 ¥ /8v% | L0'0F80- 7726 6T ¥ 00T 2z
8T (€€°0012T0) 520 €00 F 90~ TF¥2 ITF6LE €00 F €0- TF¢€8 €F 19 auydio
0T 0 00T €802 00T TFEE 09NVa

v XVIN XVIN
J1019e- selg u:ovo\omm (">2)borvw (Y>1/2)6orv 2(%6) 3 (Wu) %503 | (Y>a)6olv 2(%6) 73 (W) %03 | o | o 2d ™ | aswoby
L o]
e o S "
Sd’ ./ Y .
JUBWIINIOeY Zunsallegd Buipuig sAd19-S A { 4
(z4aegdishd1o) seig q : : goupdt € Ll

L7 SIUBNIISANS BUOJOZEPIWIZUBE UM SIABALIRQ BUOJ0ZepIWIZURg -1 aulpladid |AZusg-\V J0 ANAIDY JusWHNIORY zunsaitey pue Bulpulg S£d 1D

Author Manuscript

‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 23

Kennedy et al.

'G0'0 < d 8sIMIBYI0 ‘T0°0 va

7000 >d
4

"T000°0 vum

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 24

Kennedy et al.

100 vqm

10000 h

*1$817 pajiel-om) ‘palredun ue Aq pauiwlaisp sem O9IAVA 03 pasedwod seiq wueaiiubis ‘papiroid aie (1D %G6) S|eAIBIUI 80UBPIIL0D 9466 ‘senfen (V) /1)Bolv jod

‘papinoad si AU 0000T Je uoieInwinis wnwixew Jo abeuaatad ayr ‘(WU 0000T < 0903) sbuel |ejuswiiadxa sy} apISIN0 anjeA e paonpold elep ayj 818ym Saduelsul uj

7/

*a1e01|d 11 J0 81ealjdnp ul uni sAesse alow 1o 8aly) 10 NS F uesw se pajussald
ale eled "O9IN VA 01 dAIR[a) ‘|apow Jeuoiresado ayy Aq paulwiialap atam sanjen (Wy//2)Bo1y pue uoissalbal teauljuou Ag pajejnojed atam sanjen (XVIN7) Aoeaiyye pue (0503) Aousjod ‘Aesse yoesa c_£_>>u

‘S9jewiadel Se Palsa) pue spew a1aMm ch:OQEOO

q

"H =y ‘UMOys 10U J0 ue|q i,

s JITAZOTLO | gngzar [ pEF6S | gogore | rozer- | exes | reewvors 10 oo S
9 STV | pocio | pSFE | gogor< | 90090~ | vEm | 5716 oo oY
57 B90ROTOOV0 | ppgreq | pOTF | gopgre | Toseo- | 21 | cewest 10 12 £
v pWE0NTEN0 | rocer | gxgy | veowesre | o0Fo0- | s¥es | T ) 2
£ JOOTOBOET | pozar | pPFYT | gogor< | voosTI- | zes | ozwese 12 v
o€ 4BE00TZ0650 | pozpr | 9z, |esreres | Torso- | zres | TeFas o) o
€e k@@.o 016€°0) 250 S00F'0- LF28 19 F €29 700+ 20 2F¢6 7'ZF+8T Qm_\/_ 1C
57 pOS0NTZOEED | yoozrr | orps | o9Fsses | vooFs0- | 900F9s | sTFoTT ST
81 JEE0ALTOSZO | oonzg0 | trpz | sree |cooreo- | Twes £¥19 surydiow
01 0 00T £87 022 00T TTee 09NV
so0eg seig | 910 %56 (UMY | vy nysorg | ™3 | (uosag | (vsimppor | p @3 | (wuysos | s | o | e | | v | ssiuoby
0 <
(zareg/shd o) seig ,Jusuninioay zunsaiseg JBuipug SAdL9-Sg .zm..u ..H v L& o
F i

Lt SIUBNIISANS BUOJOZEPIWIZUBE YU SBABALIRQ BUOJ0ZepIWIZUSE -1 aulpladid |AZusg+\V J0 ANADY JusWHNIORY gunsaiiey pue Bulpulg S£d19

Author Manuscript

‘v alqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

0.05.

p<

Kennedy et al.

J Med Chem. Author manuscript; available in PMC 2019 February 22.

Page 25



Page 26

Kennedy et al.

—N
]
/ / / gt e0- ON vosse- | 4277 000'0T< -~ 05
]
—N
' s, .._
01 pE0) €2 s ‘s
£ FTTTOVE) LD 2081~ | ¥ | o000« | soorri- | vros 1T elE / oY
'
1—N
" ’
oL Te R . . - ) ) :
29 pULOTATEOBLO | oroz)a | g8FSL | oooor< | 00761~ | o978 | oovsasee / 8y
—N ,
‘T0 . . — . g
g /S TOTED) €60 zox9z- | ¢"FL0 | oooot< | so0ws1-| 6706 | sezweont ; I
i—N :
o1 eeT) o - . - ) o ; :
o pBLTOAESDOT | ooy | gTF9E | oogor< | voows0- | vres T6F 6v1 ' FLu
e
8T pEEORTOISTO | ohnzg0 | T3yz iiT6ls | cooFeo- | Twes £T b9 sulydiop
0T 0 00T £8 7022 00T T¥ee 09WVa
Y XVYIN XVIN
sopegseig [ o0 %56) (AMBOIVY | (vopngoig | ¢V ™3 | (Wuysag | rsimibory | o3 | (auyesoz 1s1u0BY
°
| x| _..le
’, N
A - ' A
(zregishd o) seig HUBWNNIORY Zunsalied gbutpuIg SAd19-See < o °

Author Manuscript

SAAIBALIJ BUO0j0Zeplwizuag [Azusg+V 10 AIANDY JUSWIINIOaY Zunsaieg pue Bulpulg sLd19

‘'S al|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 27

Kennedy et al.

paulwislsp jou =, /,,
700 > Qm

S0°0 )

27/660GT-4S se pauodas Ajsnoinaid sem gy uc:ogEoom

"7000°0 >
P

115817 pajlel-om} ‘paliedun ue Aq paulwiaiap sem OINYA 01 pasedwod seiq Juediubis papinoid ae (1D %S6) S|eAIRIUL 8dUBPIIU0D %56 ‘sanjen (W /1)Bolvy _o“_.Q

‘papino.d s AU 0O00T e Uone|nwins wnwixew jo abeiusalad ay ‘(INU 0000T < 0503) abuel [eiuawiiadxa ay) apIsINo anjeA e paonpoid 10 (QN) a61aAU0D 10U PIP BIBP BY) J3YM Saduelsul U]

q

“a1eal|diiy Jo ayedrjdnp ul uni sAesse alow 10 9aJy) JO NTS F Ueaw se pajuasald

aJle eJed "O9DINVQ 0} 8ANB|a) ‘[apow [euolyesado syl Ag paulwlalap a1am sanjen (W//2)Boly pue uoissaifial Jeautjuou Aq parenaed aiam sanfen (XVINF) Aaeoiys pue (0503) Aousiod ‘Aesse yoes EE_\Sm

L]
L]
s
L]
L]
/ / / 20T E0- ON goorez- | ¢%P ¥ | oooor< P 15
Y XV XVIN
sopegseig | o112 %56) (MBI | (vopygorg | V™3 | (Wuysng | vsimiporg | o3 | (wuyesoa 1s1U0BY
°
| x| _.-?1:
YN
) A
(zared/SAd19) seig gluswInIoey zunsa..red GPuIpuIg SAd19-Sge o

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 28

Kennedy et al.

Q
V'JZI
(] —N —N
e O
v L1 0 123 e z 69 8yT ] e 1€
o
8 NH
.ONH Z/.HV|zﬁ\.f
]
€ 9 z- ge 0z £2- TL v8T L= g 0g
]
ra w.p. NH
_uN Wz/HVsz \\_/\. »
€ 8 €1 0S o1 oy 8'G 8y \_/ AN 62
(€3] o,
N N NH
Ot
N
v 0zt 9p- ve- 1 - €8 1€ <400 9z
(%) ]
N v!zw\fz:
o4 e
\ / N
9T'0 F0L0 1 91 € €- o 9 170 86 Sed p
OH
>N
0
1007 6€0 8T 9 OH | suiydion
asnOW uewnH Ve 9az 607 vl
HUAT) [8ns uresg J010e4selg QAS_E 0533 SAdLO-See L2MmonAs 1s1U0BY

(saanuiw) a1y &7 A1j1geIS BWOSOIOIIN

I T e uonigiyul 9% uomigiyul 0Sydd

Author Manuscript

o

‘9 s|qeL

Author Manuscript

Author Manuscript

Author Manuscript

SOAIBALIBQ BUOJ0Zeplwizuag-{ sulpuadid [Azuag-V 193]S JO UOIEN[eAT OAIA Ul pue OJIA U]

J Med Chem. Author manuscript; available in PMC 2019 February 22.



Page 29

Kennedy et al.

‘pareatpul punodwod ayp Jo uonoaful di ‘Bx/6w 9 e Humo||os Y T 821W Ul PAUILLLISISP 819M punodwlod JO S|aAs| Utedq "OJ)A Ul PBloNpuod aam sAesse AlIjIqels [eWosololAl

D

NN.>_w>:8%E ‘660GT-4S pue TOSTT-US(F) se pauodal Ajsnoinaid alem 9y pue Gz muc:oaeoou

"a1ea11d 143 J0 81ed1jdnp Ul uni sAesse alow Jo 381y} JO INTS F Ueaw se pajuasald ale ereq

q

‘Sajewadel Se pPalsal pue spewl alaM 9¢ pue Gg mUc:onEoUm

Q
R\
zmvlzvlz:
0
! (4]
TTFIT Ge €€z o - T S 17 67T i L p%
o.,
g
2
820F9¥ 1€ €L 9T- 9T- - 01T- 95 16 i 6 144
S
NH
\ S :
GE0F LT LT 8 1T 81 114 v € gge g & 7
8SNON uewnH vve 9az 602 A2 o
oUAT) 9737 ureag J101084se1g g:\,_cv 03 SAd1D-See L2ImonAs 1s1U0By
(ssanuiw) a1 &7 L Auj1geIS BWOSOUOIAL | I OT Je uomigIyu 9% Uomqiyul 05ydd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2019 February 22.



	Abstract
	Graphical Abstract:
	INTRODUCTION
	RESULTS AND DISCUSSION
	Synthesis.
	Structure–Activity Relationships.
	Drug Metabolism and Pharmacokinetics (DMPK) Properties.

	CONCLUSIONS
	EXPERIMENTAL SECTION
	General Procedures.
	tert-Butyl 4-((2-Nitrophenyl)amino)piperidine-1-carboxylate (I).22
	tert-Butyl 4-((2-Aminophenyl)amino)piperidine-1-carboxylate (II).22
	tert-Butyl 4-(2-Oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-piperidine-1-carboxylate (III).22
	1-(Piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one TFA Salt (IV).22
	1-(1-(Benzyl)piperidin-4-yl)-1H-benzo[d]imidazol-2(3H)-one (1).25

	GTPγS Binding.
	βarrestin2 Enzyme Fragment Complementation Assay.
	Pharmacokinetic Parameters.
	Pharmacokinetics in Mice.

	Data and Statistical Analysis.
	Analysis of Bias.


	References
	Figure 1.
	Figure 2.
	Scheme 1.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.
	Table 6.

