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Babette-Y. Kögel,∥ Wolfgang Schröder,∥ Stephanie Harlfinger,⊥ Derek Saunders,⊥ Achim Kless,#

Hans Schick,○ and Helmut Sonnenschein○

†Departments of Medicinal Chemistry, ‡Preclinical Drug Safety, §Molecular Pharmacology, ∥Pain Pharmacology, ⊥Pharmacokinetics,
and #Discovery Informatics, Global Drug Discovery, Grünenthal Innovation, Grünenthal GmbH, D-52099 Aachen, Germany
○ASCA GmbH Angewandte Synthesechemie Adlershof, Magnusstr. 11, 12489 Berlin, Germany

*S Supporting Information

ABSTRACT: We report the discovery of spiro[cyclohexane-
pyrano[3,4-b]indole]-amines, as functional nociceptin/orpha-
nin FQ peptide (NOP) and opioid receptor agonists with
strong efficacy in preclinical models of acute and neuropathic
pain. Utilizing 4-(dimethylamino)-4-phenylcyclo-hexanone 1
and tryptophol in an oxa-Pictet−Spengler reaction led to the
formation of spiroether 2, representing a novel NOP and
opioid peptide receptor agonistic chemotype. This finding
initially stems from the systematic derivatization of 1, which
resulted in alcohols 3−5, ethers 6 and 7, amines 8−10, 22−24,
and 26−28, amides 11 and 25, and urea 12, many with low
nanomolar binding affinities at the NOP and mu opioid
peptide (MOP) receptors.
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For decades, opioid peptide receptors have been targeted for
the treatment of pain, and the present day opioids remain

the most effective clinically used drugs for the treatment of
moderate to severe acute and chronic pain. However, opioids
also carry the risk of severe side effects such as respiratory
depression, nausea, vomiting, and constipation, and their use
may lead to physical dependence and tolerance.1 The
nociceptin receptor and its endogenous ligand nociceptin/
orphanin FQ (N/OFQ), a 17-amino acid neuropeptide, have
been described almost 20 years ago.2,3 Because of its partial
homology to the three opioid peptide receptor subtypes mu
opioid peptide (MOP), kappa opioid peptide (KOP), and delta
opioid peptide (DOP) and its insensitivity to opioid agonists
(e.g., morphine) and antagonists (e.g., naloxone), the receptor
was initially termed “opioid-receptor-like 1” (ORL 1). More
recently, however, it was renamed after its endogenous ligand
to nociceptin/orphanin FQ peptide (NOP) receptor. Despite
its structural and functional homology to opioid receptors, the
NOP receptor is not an opioid peptide receptor from a
pharmacological perspective and, as such, is considered a
nonopioid member of the opioid peptide receptor family.4

NOP and MOP receptor agonists modulate pain and
nociception via distinct yet related targets. Addressing both
mechanisms may constitute a novel approach for the
development of innovative analgesics. Indeed, recent publica-

tions indicate that concurrent activation of NOP and MOP
receptors may potentiate opiate analgesia and at the same time
lead to an improved side effect profile.5,6 We therefore aimed at
identifying highly potent, small molecule NOP and MOP
receptor agonists.
This endeavor started with a literature-to-lead approach

based on cyclohexanone 1, which has previously been reported
by Lednicer et al. as representing a novel class of analgesics.7,8

As a starting point it was clear that, due to its size, compound 1
would lack key interactions within the binding pocket of both
the NOP and MOP receptors and therefore would have only
minimal receptor binding affinities (Ki(NOP) = 1.5 μM;
Ki(MOP) = 1.7 μM). It was our strategy to utilize 1 as a core
and its ketone moiety for functionalization. Thus, fixing the 4-
N,N-dimethylamino-4-phenyl-cyclohexane head, we initiated a
scouting exercise probing a range of simple aryl and more
complex moieties.
The impact of the linking functionality and linker length on

the NOP and MOP receptor binding affinities was to be
investigated first. Alcohols 3a−5a, ethers 6a,b and 7a, amines
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8a−10a, amide 11a, and urea 12a were scrutinized as linking
moieties.
Essentially, all examples in this article are based on 4-

dimethyl-4-phenyl-cyclohexanone 1 (Scheme 1), which was
prepared from monoketal-protected 1,4-cyclohexanedione 13.
Utilizing this in a Strecker synthesis gave aminonitrile 14,
which, when employed in a Bruylants reaction, furnished the
ketal-protected phenyl dimethylamino-cyclohexane 15. Ketal
deprotection gave 1.
Tertiary alcohols 3−5 were obtained by addition of Grignard

reagents to 1.9 Ethers 6 and 7 were obtained in a 5 step
sequence starting from the monoketal-protected 1,4-diketone
13. Reduction of the ketone to the secondary alcohol 16 and
subsequent alkylation gave ethers 17 and 18, which were
deprotected, converted into dimethylamino-nitriles 19 and 20,
and subjected to the Bruylants reaction to yield diastereomeric
mixtures of ethers 6 and 7. Amines were prepared by reductive
amination of cyclohexanone 1 with primary or secondary
amines to yield cyclohexyl-1,4-diamines 8 to 10. Amides were
prepared by reducing cyclohexanone oxime 21 to the
corresponding primary amine 22, which was subsequently
converted into amide 11a and urea 12a.
The tertiary alcohols 3a−5a allowed us to assess the impact

of the spacer length, between the cyclohexyl core and the new
aryl moiety, on the NOP and MOP receptor binding affinities.
Phenyl and benzyl compounds 3a and 4a, representing a C0

and C1 carbon spacer, showed only moderate binding activities
at the NOP receptor. Extending the carbon spacer by one
further carbon atom (C2 spacer), exemplified by phenethyl
example 5a, resulted in single digit nanomolar potencies.
Furthermore, crucially with 5a we had identified a compound
that demonstrated equal binding affinities for the NOP and
MOP receptors.
The potency shift induced by the extended spacer could be

rationalized through docking studies. Compounds with a
prolonged spacer are able to reach deeper into the lipophilic
pocket of the binding site and form additional hydrophobic
interactions with residues Ile127, Val126, and Trp116 (see
Figure 1).

Ether linkers were also well tolerated (6a and 7a) resulting in
double digit nanomolar potencies for 6a. Interestingly, 6a and
7a were significantly more potent at the MOP receptor than at
the NOP receptor, and the trans diastereomer 6a demonstrated
superior potency on both receptors over the cis diastereomer
6b. Amine linkage was also well tolerated, as exemplified by
examples 8a to 10a. The dibasic analogue 8a led to a leap in
binding potency at the NOP receptor, as compared to ether 6a,
being equipotent to the corresponding alcohol 5a.
One could presume that hydrogen bond donation enables an

additional interaction with the receptor, especially since
carboxamide 11a and urea 12a also showed single digit
nanomolar potencies.
Docking studies strengthened this hypothesis revealing

potential interactions with Tyr131 or Gln107 (see Figure 1).
In analogy to the alcohol series, the binding potencies within
the amine series increased with the spacer length as in 9a and
10a.

Scheme 1. Synthesis of Investigated Chemotypesa

aReagents and conditions: (a) (i) HNMe2/H2O, MeOH, HNMe2·HCl, KCN, 67−99%; (b) (i) PhMgCl, THF, 0 °C to rt; (ii) NH4Cl, H2O, 0 °C to
rt; (iii) HCl, Et2O; (iv) 25% NH3 aq. pH 8−9, 28−92%; (c) (i) HCl aq.; (ii) NaOH aq., 66−99%; (d) (i) RMgHal, THF; (ii) phosphate buffer, pH
7, 13−30%; (e) NaBH4, ethanol, 0 °C, 98%; (f) (i) KOt-Bu, DMF; (ii) BnCl; (iii) H2O, 0 °C; (iv) distillation, 77%; (g) (i) Ph(CH2)2I, AgOTf, anh
MeCN, reflux; (ii) NaHCO3, EtOAc, 12%; (h) R

1R2NH, NaBH(OAc)3, DCE, THF, 7−45%; (j) H2NOH·HCl, Amberlyst A 21, quantitative yield;
(k) Devarda (Cu/Zn/Al) alloy, MeOH, 5 N NaOH, 97%; (l) RCOCl, Et2O, (70−71%); (m) Ph(CH2)3NHCOOPh, 1,4-dioxane, reflux; 53%.

Figure 1. Binding mode of 2a/10a in the NOP receptor.
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The incorporation of a simple aryl moiety has already
resulted in a significant increase of the receptor binding
potencies as compared to 1 (Table 1), which was in accordance
with previous findings by Lednicer et al.11 Key learnings, which
were to be considered while further optimizing the compounds,
were the beneficial impact of H-bond donors and the spacer
length on the receptor binding affinities as well as the
significant impact of the stereochemistry.
For most examples, both diastereomers were isolated from

the mixture via column chromatography. Relative configuration
of key compounds was assigned by 2D homonuclear NOESY
NMR measurements.
In a second round we set out to apply our key learnings and

explore our options to modify the phenyl moiety itself (see
Table 2). Complete removal of the aryl residue, as exemplified
in diamine 22, resulted only in weak activities at the NOP and
especially MOP receptors. Nonaromatic replacements, exem-
plified by 1-piperidinyl 23 or 4-morpholinyl 24 again did not
achieve the desired low nanomolar potencies. Moreover, potent

NOP and MOP receptor binding only returned upon linking a
long aliphatic side chain via an amide group 25.
Probing both the role of a lipophilic pendant and the

potential for identifying further beneficial H-bond donor
receptor interactions triggered the use of indoles and the
synthesis of examples 26 to 28. The free NH indole derivative
26a exhibited good levels of potency at the NOP and MOP
receptors (see Table 2). Increasing the spacer length from one
carbon atom to two 27a gave an example with high binding
affinities at the NOP and MOP receptors.
Following the observation from compound 27a that highly

potent NOP receptor binding can be achieved, albeit at the loss
of MOP receptor affinities, it was reasoned that it may be
possible to regain MOP receptor potency through replacing the
amino linker with the ether linkage as exemplified by hMOPr
biased (×6.5) compound 6a. We therefore set out to synthesize
compound 29 (Scheme 2).
We envisioned a reductive etherification of ketone 1 with the

trimethylsilyl ether of tryptophol 30 under TMSOTf catalysis.10

To our disappointment we did not obtain the desired product
21, but instead isolated spiroethers 2a and 2b. These products
resulted from a cyclization that had been known for quite some

Table 1. Alcohol, Ether, and Amine Linkers

% inhibition @ 1 μM or Ki (nM)

compd X R config hNOPr hMOPr

3a Ph OH trans 205 44.5
4aa PhCH2 OH trans 1600 62.5%
5aa Ph(CH2)2 OH trans 4.4 1.9
6aa PhCH2O H trans 78 12
6ba PhCH2O H cis 290 830
7a Ph(CH2)2O H transc 81.5% 98.5%
8ab PhCH2NH H trans 10 3
9ab Ph(CH2)2NH H trans 7.4 11
10ab Ph(CH2)3NH H trans 0.5 22
11aa PhCH2−C(O)NH H transd 5.4 2.1
12aa Ph(CH2)3−NHC(O)NH H trans 1.9 0.7

aHydrochloride. bDihydrochloride. cTrans/cis mixture (5:3). dTrans/cis mixture (2:1).

Table 2. Amine and Amide Linked Examples

% inhibition @ 1
μM or Ki (nM)

compd R1 R2 config hNOPr hMOPr

22a H H trans 120 69%
23ba −(CH2)5− cis 110 56%
24ba −CH2CH2OCH2CH2− cis 810 40%
25aa cyclopentyl(CH2)2C(O) H trans 0.5 0.3
26a 1H-indol-3-yl-CH2 H transc 5.4 6.4
27ab 1H-indol-3-yl-(CH2)2 H trans 1.1 9.5
28ab 5-F-1H-indol-3-yl-(CH2)2 H trans 0.4 9

aHydrochloride. bDihydrochloride. cTrans/cis mixture (85:15).

Scheme 2. Spirocyclization of Tryptophol and Analogues
with 1
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time and has recently been coined oxa-Pictet−Spengler
reaction.12

The trans diastereomer 2a hydrochloride exhibited very high
binding affinities to the NOP as well as the MOP receptors
Ki(hNOPr) = 0.3 nM (N = 4, SEM = 0.05 nM), Ki(hMOPr) =
0.6 nM (N = 2, SEM = 0.14 nM), while the cis-diastereomer 2b
was significantly less active (%Inh.(hNOPr) = 30% @1 μM,
Ki(hMOPr) = 310 nM). This observation is in line with the
deterioration in binding affinity observed previously in the
uncyclized series (6a vs 6b) and could be retrospectively
explained by docking studies. More detailed characterization
revealed that 2a hydrochloride had binding affinities of 4.9 nM
(N = 3, SEM = 0.8 nM) and 2.3 nM (N = 3, SEM = 0.63 nM)
at the hDOP and hKOP receptors.
Examples showed a stepwise binding affinity increase upon

side chain prolongation. The binding mode of elongated
compound 10a (green) is shown as compared to 2a (orange).
It occupies the free space on the right side formed by trans
membrane helixes 7 (hidden for clarity) and 1 and 2 (blue trans
membrane helixes). The interactions within that pocket are
determined by hydrophobic residues and additional cation−pi
interactions between Arg302 and the phenyl ring.
To further rationalize our understanding of the structure−

activity relationship (SAR), compounds 2a and 10a were
docked into the recently published X-ray structure of the NOP
receptor (PDB code 4EA3)13,14 keeping side chains flexible
(see Figure 1). In accordance to other aminergic G-protein
coupled receptors the central Asp130 plays a major role in the
interaction between ligand and receptor. The tertiary amine,
which is protonated under physiological conditions, forms an
ionic interaction with Asp130. In the case of the trans
configured 2a, cis configuration of both nitrogens, the indole
NH forms an additional hydrogen bond with Asp130. This
reflects a bidentate, chelating binding mode. In contrast, the cis
configured 2b, trans configuration of both nitrogens, does not
allow for the additional hydrogen bond to Asp130, which
results in a drop in binding affinity.15 Additionally the
hydrophobic pocket in the binding site of the receptor is
occupied by the phenyl moiety of 2a and 10a. The hydrophobic
pocket formed by the transmembrane helices 4, 5, and 6 (red
TMs) is shown on the left side of Figure 1. These two
functional groups, a tertiary amine group and the phenyl group
at a distinct spatial orientation, form the basic pharmacophore
that is present in all examples. It was possible to derive residue
ligand interactions from this exercise supporting the observed
SAR, although the NOP receptor has been cocrystallized with
the antagonist C-24 and the crystal structure therefore reflects
the inactive form of the receptor.
The relative spiroether configuration was assigned by 2D

NOESY measurements (see Supporting Information).
Uncyclized analogue 29 was finally obtained by building the

indole in the last step of the sequence via a Larock cyclization,16

utilizing 2-iodoaniline and the corresponding triethylsilylalkyne
(Ki(hNOPr) = 20 nM; Ki(hMOPr) = 2 nM).
Functional in vitro investigations of selected examples, using

a GTPγS assay, on the NOP and MOP receptors revealed that
not all compounds act as full agonists on both receptors (Table
3). Example 12a appeared to be a partial agonist at the NOP
and MOP receptors, while compounds 27a and 2a displayed
high levels of potency and full efficacy at both the NOP and
MOP receptors.
More detailed in vitro characterization revealed that 2a had a

very low potential for disturbing cardiac electrophysiology. By

using whole-cell patch-clamp recordings17 in CHO cells stably
transfected with the human ether-a-̀gogo related gene (hERG),
it was demonstrated that up to 30 μM 2a inhibited the hERG
channel by less than 30%. Furthermore, cardiac repolarization
measured by conventional microelectrode techniques in
isolated guinea-pig papillary muscle18 was only slightly
prolonged. At 10 μM, the action potential duration at 90%
repolarization (APD90) was increased by 8 ± 4% (mean ± SD;
n = 4) versus time-matched vehicle control. The concentration
range at which 2a may induce a prolongation of cardiac
repolarization is thus by a factor of about 10,000× higher than
the Ki-values at the NOP and MOP receptors. We therefore
consider the risk of ECG changes in vivo very unlikely.
Cytochrome-P450 inhibition on 1A2, 2C9, 2C19, 2D6, and

3A4 was assessed for 2a and found to result in IC50 values ≥5
μM.
After these promising in vitro results, 2a was progressed for

pharmacokinetic (PK) and efficacy evaluation in rodents. The
compound showed poor PK properties in rat with high
clearance, large volume of distribution, moderate half-life (Cl =
4.0 L/h·kg; Vss = 7.52 L/kg; t1/2 = 1.6 h), and low oral
bioavailability (F = 4%; Cmax = 0.48 nM at a dose of 50 μg/kg).
However, because of its high potency, the exposure was
considered sufficient to advance it into efficacy profiling.
Compound 2a was evaluated for its activity in a rat tail-flick

model of acute nociceptive pain as well as in a rat spinal nerve
ligation (SNL) model of neuropathic pain.
The tail-flick test was carried out in female Sprague−Dawley

rats using a modification of the method described by D’Amour
and Smith.19 An increase in tail-flick latency, i.e., the time to
withdraw the tail from a radiant heat source, was measured as
an indicator of antinociceptive activity of a test compound.20

Compound 2a induced dose-dependent antinociception with
ED50 values (95% CI) of 3.63 (2.95−4.38) nmol/kg i.v. (Figure
2), 19.05 (15.51−23.43) nmol/kg i.p., and 72.93 (59.79−
89.35) nmol/kg p.o., and full efficacy at the highest dose tested.
A mononeuropathic pain state was induced in male Sprague−
Dawley rats by ligation of the left L5/L6 spinal nerves.21 The
antihypersensitive efficacy of compound 2a was assessed after
i.v. and i.p. administration by means of an electronic von Frey
filament.20 Compound 2a showed a dose-dependent inhibition
of mechanical hypersensitivity. Potency was quantified by ED50
values (95% CI) of 1.05 (0.79−1.40) nmol/kg i.v. and 4.82
(4.07−5.80) nmol/kg i.p. calculated from the peak effect versus
time-matched control values in sham operated animals. A
maximum efficacy of 75% was reached after dosing 2.19 nmol/
kg i.v. (Figure 3).
Compound 2a showing antinociceptive as well as anti-

hypersensitive efficacy in rats after i.v. dosing with a potency
comparable to the strong opioid fentanyl22 was encouraging
and considered proof of concept for our strategy from an

Table 3. Functional Human NOP and MOP Receptor
Efficacies

compd
EC50 hNOPr
GTPγS (μM)

rel. eff.a

hNOPr
GTPγS

EC50 hMOPr
GTPγS (μM)

rel. eff.a

hMOPr
GTPγS

27ac 20 94% 51 104.5%
12ab 43 23% 12 70%
2ad 11 105% 1 107%

aEfficacy of 100% is defined as maximum [35S]GTPγS binding induced
by stimulation with nociceptin (NOP receptor) and DAMGO (MOP
receptor). bHydrochloride. cDihydrochloride. dCitrate.
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efficacy point of view. In order to further evaluate whether
combined agonistic activity at NOP and MOP receptors also
resulted in a broader therapeutic window of these compounds,
the side effect profile of 2a was assessed. Because of the poor
PK properties of 2a, a parenteral route of administration was
used to investigate typical MOP receptor mediated side effects
like opioid-type sedation, respiratory depression, inhibition of
gastrointestinal transit, and induction of physical dependence.
Sedation is a prominent central nervous system (CNS) side

effect of MOP receptor agonists resulting in an impairment of
spontaneous locomotor activity.23 A standard open-field test
was used to monitor locomotor activity in male Sprague−
Dawley rats.24 After intravenous administration, 2a dose-
dependently reduced the distance that the animals moved
within the open-field arena during a 5 min time interval starting
10 min after administration. The ED50 value (95% CI) for

reduction in distance moved was 42.92 (30.66−62.63) nmol/kg
i.v. (n = 10/treatment group) (Figure 3).
Potential respiratory depressant activity of 2a was evaluated

in conscious male Sprague−Dawley rats by monitoring arterial
blood gas tensions of CO2 and O2 (pCO2 and pO2).
Intravenous administration of 2a induced a dose-dependent
increase in arterial pCO2 and a concurrent decrease in pO2. In
the highest dose group, treated with 37.04 nmol/kg, pCO2 was
increased by up to 66.1 ± 16.0% (mean ± SD; n = 6), while
pO2 was reduced by up to 41.6 ± 3.1% (mean ± SD; n = 6)
(Figure 3). As a threshold dose for effects of 2a on respiratory
function, an ED10 value of 4.28 nmol/kg i.v. (n = 6/treatment
group) was determined.
The effects of 2a on gastrointestinal transit were investigated

in NMRI mice according to the method of Macht et al.25

Compound 2a induced a dose-dependent decrease in intestinal
transit with ED50 values (mean (95% CI); n = 10) of 46.12
(39.56−53.42) nmol/kg i.v. and 143.89 (122.47−170.35)
nmol/kg p.o. These doses were 2 to 5 times higher than
antinociceptive doses in a mouse tail-flick model, in which ED50

values (mean (95% CI); n = 10) of 8.87 (7.21−11.26) nmol/kg
i.v. and 72.32 (58.97−90.72) nmol/kg p.o. were determined for
2a.
The potential of 2a to induce opioid-type physical depend-

ence was investigated by naloxone precipitated withdrawal in
NMRI mice.26 Up to the highest tested dose of 219 nmol/kg
i.p. (cumulative dose of 1244 nmol/kg i.p.), 2a did not induce
significant symptoms of withdrawal thereby indicating a very
low potential to induce physical dependence (see Supporting
Information for figure and details). This dose was at least 5.5
times higher than antinociceptive doses in a mouse tail-flick
model, in which an ED50 value (mean (95% CI); n = 10) of
39.9 (29.3−57.6) nmol/kg i.p. was determined for 2a.
In summary, spiroether 2a exhibited strong efficacy in rodent

models of acute and neuropathic pain with an about 3 times
higher potency in the neuropathic pain model. Moreover, the
side effect profile of 2a reveals clear advantages compared to
standard opioids. Morphine, for example, induces marked
sedation,23 as well as respiratory depression, inhibition of
gastrointestinal transit, and physical dependence already at
doses below or within the half-maximum effective analgesic
dose range.22,27 Compound 2a exhibits distinct margins of
factor 5.5−30 between the ED50 in animal models of pain and
the doses that induced significant sedation, respiratory
depression, or physical dependence. Thus, compounds like 2a
acting as combined NOP and MOP receptor agonists may be
particularly suited to provide powerful analgesia with reduced
opioid-like side effects and an improved therapeutic index
compared to the current standard of care.
On the basis of these overall very promising proof of concept

results for 2a we continued to investigate the structural class of
the spiroethers in more depth, especially aiming at improving
the PK parameters.
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Figure 2. Antinociceptive effect of 2a citrate after intravenous
administration in the rat tail-flick test. Each point of the graph
represents the mean ± SEM of the maximum possible effect; n = 10
animals per group. *, p < 0.05 versus vehicle control.

Figure 3. Dose-dependent effects of 2a citrate on tactile hyper-
sensitivity (spinal nerve ligation), heat nociception (tail-flick), on
horizontal distance moved (open field), and on arterial pCO2 (blood
gas analysis) after intravenous administration in rats. #, Relative effect
refers to percentage of maximum possible effect (%MPE) for spinal
nerve ligation and tail-flick, inhibition of distance moved (open field),
and increase in pCO2 compared to baseline (blood gas analysis). Error
bars indicate SEM (n = 6−10). *, p < 0.05 versus vehicle control.
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