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ABSTRACT: o, and/or o, receptors play a crucial role in pathological conditions such as pain, neurodegenerative disorders,
and cancer. A set of spirocyclic cyclohexanes with diverse O-heterocycles and amino moieties (general structure II1) was
prepared and pharmacologically evaluated. In structure—activity relationships studies, the o, receptor affinity and o0,:0,
selectivity were correlated with the stereochemistry, the kind and substitution pattern of the O-heterocycle, and the substituents
at the exocyclic amino moiety. cis-configured 2-benzopyran cis-11b bearing a methoxy group and a tertiary
cyclohexylmethylamino moiety showed the highest o, affinity (K, = 1.9 nM) of this series of compounds. In a Ca*" influx
assay, cis-11b behaved as a o, antagonist. cis-11b reveals high selectivity over o, and opioid receptors. The interactions of the
novel o, ligands were analyzed on the molecular level using the recently reported X-ray crystal structure of the o, receptor
protein. The protonated amino moiety forms a persistent salt bridge with E172. The spiro[benzopyran-1,1"-cyclohexane]
scaffold and the cyclohexylmethyl moiety occupy two hydrophobic pockets. Exchange of the N-cyclohexylmethyl moiety by a
benzyl group led unexpectedly to potent and selective p-opioid receptor ligands.

B INTRODUCTION

The class of & receptors”” consists of two subtypes, termed ,
and o, receptor. These two subtypes differ in their ligand-
binding profile, molecular weight, and their tissue distribution.
The &, receptor is a membrane-bound protein which is mainly
localized at mitochondria-associated membranes and at the
endoplasmic reticulum (ER) in the central nervous system
and in peripheral organs like heart and kidney.”" The X-ray
crystal structure of the ¢, receptor has recently been reported
by Kruse and coworkers.”® According to this molecular
structure, the receptor adopts a unique three-dimensional
(3D) topology with a single transmembrane domain. In
contrast to all previously proposed 3D models,” ' the amino
and carboxy termini are located on opposite sides of the
membrane. The protein crystallizes as a triangular trimer with
one transmembrane helical domain (residues 6—31) at each
corner. The cytosolic domain (residues 32—223) is highly

structured, and consists of a major f-barrel motif (residues
81—176), flanked by two a-helices (residues 177—223).”°
Regulation of ion channels, modulation of the release and
reuptake of neurotransmitters, and participation in intra-
cellular signaling through modulation of Ca** levels belong to
the main functions of the o, receptor.''™'" It has been
reported that the ¢, receptor plays an important role in several
neurological disorders, for example, depression, alcohol, and
drug dependence, Parkinson’s, Alzheimer’s, and Huntington’s
disease. " '® The potential of the 6, receptor antagonist SIRA
for the treatment of neuropathic pain is currently under
investigation in a phase II clinical trial.'**" Moreover, the o,
receptor expression level is significantly increased in various
human tumor cell lines compared to nontumor cells.”'
Though, &, receptors seem to be involved in programmed
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cell death (apoptosis), These findings brought o, receptors
into focus for the development of antitumor drugs and cancer
diagnosis.””**

Until recently, the &, receptor protein was not cloned and
its amino acid sequence and structure remained unknown. In
2011, it was postulated that the o, receptor is a part of the
progesterone receptor membrane component 1 (PGRMC-
1).24 This hypothesis could not be confirmed, but in 2017, the
o, receptor was identified as transmembrane protein 97
(TM_EM97), which regulates the sterol transporter in the
ER.” Because of its overexpression in human tumor cell lines,
the ¢, receptor represents an interesting target for therapy and
diagnosis of tumors.”*™*"

In literature, a large number of structurally diverse ligands
interacting with the &, receptor are reported. During the last
years, spirocyclic piperidines with a rather rigid scaffold
emerged as promising o, receptor ligands. High o, receptor
affinity was found for spirocyclic 2-benzopyrans of type I and
II with endocyclic amino moiety. In Figure 1 the o, affinity of
the corresponding benzyl derivatives is given.””*’
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Figure 1. Development of spirocyclic cyclohexanes trans-III and cis-
IIT with exocyclic amino moiety derived from spirocyclic piperidine
lead compounds I and II with the endocyclic amino group. The
stereodescriptors trans and cis refer to the relative orientation of the
O- and N-substituents at the cyclohexane ring,

Based on pharmacophore models, a comprehensive study
led to the conclusion that an increased distance between the
basic amino moiety and the benzene ring of the spirocyclic
framework could be beneficial for high &, receptor affinity. In
particular, spirocyclic cyclohexanes of type III bearing an
exocyclic amino moiety were proposed.”’ In this study, the
orientation and substitution pattern of the exocyclic amino
moiety and the kind and substituents of the O-heterocycle of
III should be investigated systematically. Because of the
spirocyclic framework, the conformational flexibility of the
envisaged ligands of type III is rather low, allowing reliable
analysis of ligand/receptor interactions. The cyclohexylmethyl
and benzyl moieties were the preferred N-substituents
considering both secondary and tertiary amines. The synthesis
of compound III provided two diastercomers termed trans-

and cis-ITI, depending on the relative orientation of O- and N-
substituents at the cyclohexane ring.

B SYNTHESIS

2-Bromobenzaldehyde (1) served as starting material for the
synthesis of spiro[[2]benzopyran-1,1'-cyclohexan]amines 4, 5
and 7, 8, and 10, 11 as well as spiro[[2]benzofuran-1,1'-
cyclohexan]amines 14 and 15 (Scheme 1). Homologation of
aldehyde 1 was performed by a Wittig reaction and
subsequent methanol addition.”” Treatment of dimethyl acetal
with n-BuLi and subsequently with cyclohexane-1,4-dione
yielded the hydroxy acetal 2."" Starting from acetal 2,
intramolecular transacetalization was performed under differ-
ent reaction conditions to afford the ketones 3, 6, and 9.
Treatment of hydroxy acetal 2 with p-toluenesulfonic acid in
CH,Cl, led to the unsaturated derivative 3. The ethoxy
compound 6 was obtained upon treatment of 2 with p-
toluenesulfonic acid in CHCI, stabilized with 1% ethanol,
whereas the methoxy derivative 9 resulted from reaction of 2
with catalytic amounts of HCl in CH,CL."' Reductive
amination of ketones 3, 6, and 9 with cyclohexylmethylamine
and NaBH(OAc),” in the presence of one equivalent of
acetic acid led to the diastereomeric secondary amines trans-
and cis-4, trans- and cis-7 and trans- and cis-10, respectively.
The secondary amines were obtained in high yields with a
slight preference for cis-configured diastereomers with
equatorially oriented amino moiety (compare cis-III in Figure
1). The diastereomeric secondary amines were separated by
flash column chromatography and subsequently methylated
with formalin and NaBH(OAc),"’ to afford the tertiary N-
methyl derivatives frans- and cis-5, trans- and cis-8 and trans-
and cis-11.

The synthesis of benzofuran derivatives trans- and cis-14
and trans- and cis-15 started with acetalization of 2-
bromobenzaldehyde (1) with methanol and trimethzzl
orthoformate in the presence of p-toluenesulfonic acid'™'’
(Scheme 1). Halogen-metal exchange at bromo acetal 12 with
n-butyllithium and subsequent addition of cyclohexane-1,4-
dione followed by intramolecular transacetalization catalyzed
by p-toluenesulfonic acid led to the spirocyclic ketone 13.
After reductive amination of ketone 13 with cyclohexylmethyl-
amine and NaBH(OAc),, the secondary amines trans- and cis-
14 were obtained in 24 and 72% vyield, respectively, with a
clear preference for the cis-configured diastereomer cis-14.
The predominant formation of cis-configured products
resulted from preferred axial attack of the reducing agent,
which is explained by stereoelectronic effects. After separation
by flash column chromatography both diastereomers were
methylated with formalin and NaBH(OAc); to afford the
tertiary amines trans- and cis-15 in high yields.

For the synthesis of saturated 2-benzopyrans 19 and 20
without further substituents in the ring system, 2-(2-
bromophenyl)ethanol (16) was reacted with PBr; to produce
the corresponding phenylethyl bromide (Scheme 2). Then, a
Parham cyclization” was performed upon treatment of the
dibromide with n-BuLi and, subsequently with monoethylene
ketal-protected cyclohexane-1,4-dione. Herein, the aryllithium
intermediate reacted with the ketone to form an alcoholate,
which cyclized in an intramolecular Sy2 reaction with the
ethyl bromide to end up with the 2-benzopyran 17 in 61%
yield. Hydrolysis of ethylene ketal 17 with 2 M HCl in Et,0
led to the ketone 18 in 94% vyield. Reductive amination of
ketone 18 with cyclohexylmethylamine and NaBH(OAc),
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“Reagents and reaction conditions: (a) (1) MeOCH,PPh,Cl, KO'Bu, THF, start at —10 °C, then 16 h at rt, 71%;*" (2) pTsOH-H,0, MeOH, 72 h,
reflux, 929%;"* (3) n-BuLi, THF, —78 °C, 20 min, then cyclohexane-1,4-dione, 2 h, =78 °C, 1 h, rt, 56%;”" (b) pTsOH-H,0, CH,Cl,, 6 d, rt, 23%;
(c) cyclohexylmethylamine, CH;CO,H, NaBH(OAc);, THF, 3 h, rt, 28% (trans-4a), 52% (cis-4b); (d) CHCI; (stabilized with 1% EtOH),
pTsOHH,O0, 8 d, rt 53%; (e) cyclohexylmethylamine, CH;CO,H, NaBH(OAc);, THF, 3 h, rt, 37% (trans-7a), 54% (cis-7b); (f) CH,Cl,, HC], 1,5
h, rt, 81%;'® (g) cyclohexylmethylamine, CH;CO,H, NaBH(OAc);, THE, 4 h, rt, 37% (trans-10a), 53% (cis-10b); (h) pTsOH, CH;OH,
HC(OCHS,);, 16 h, reflux, 85%;"” (i) n-BuLi, THF, —78 °C, 20 min, then cyclohexane-1,4-dione, 2 h, =78 °C, 1 h, rt; 3. pTsOH'H,0, THE, 1t, 24
h, 44% over two steps; (j) cyclohexylmethylamine, CH;CO,H, NaBH(OAc);, THF, 4 h, rt, 28% (trans-14a), 67% (cis-14b); (k) Formalin 37%,
NaBH(OAc);, CH,Cl,, 2 h, rt, 81% (trans-5a), 90% (cis-5b); 90% (trans-8a), 929% (cis-8b); 90% (trans-11a), 89% (cis-11b); 99% (trans-15a), 97%
(cis-15b). Trans = a, cis = b,
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“Reagents and reaction conditions: (a) (1) PBry, 4 h, 80 °C, 72%; (2) THF, n-BuLi, cyclohexane-1,4-dione monoethylene ketal, 5 min, —88 °C, 1
h, rt, 61%; (b) Et,0, 2 M HC], 2 d, reflux, 94%; (c) cyclohexylmethylamine, CH;CO,H, NaBH(OAc)s, THF, 3 h, rt, 24% (trans-19a), 72% (cis-
19b); (d) Formalin 37%, NaBH(OAc);, CH,Cl,, 2 h, rt, 97% (trans-20a), 97% (cis-20b). trans = a, cis = b.

generated the trans- and cis-configured secondary amines
trans-19a (24%) and cis-19b (72%). After separation by flash
chromatography (fc), the secondary amines trans-19a and cis-
19b were methylated with formalin and NaBH(OAc); to give
the tertiary amines trans-20a and cis-20b in high yields.

and included into this study (Scheme 3). Thus, ketones 9, 13,
and 18 were reductively aminated with benzylamine and
NaBH(OAc);*
secondary benzylamines trans-21a/cis-21b, trans-23a/cis-23b,

to yield three pairs of diastereomeric

In order to compare the pharmacological properties of the
prepared cyclohexylmethylamines with those of analogous
benzylamines, several benzylamines of type III were prepared

and trans-24a/cis-24b. Exemplarily, the tertiary amines trans-
22a and cis-22b were prepared by reductive methylation of
the secondary amines trans-21a and cis-21b, respectively.’'
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“Reagents and reaction conditions: (a) benzylamine, CH,CO,H, NaBH(OQAc),, THF, 2 h, rt, 35% (trans-21a), 52% (cis-21b);""

23a,b 24a,b

a: trans-configuration
b: cis-configuration

(b) formalin 37%,

NaBH(OAc);, CH,Cl,, 3 h, rt, 88% (trans-22a), 84% (cis-22b);”" (c) benzylamine, CH,CO,H, NaBH(QAc),, 4 h, rt, 36% (trans-23a), 53% (cis-
23b); (d) benzylamine, CH;CO,0H, NaBH(OAc), 3.5 h, tt, 27% (trans-24a), 66% (cis-24b), trans = a, cis = b

B &, AND o, RECEPTOR AFFINITY

The o, and o, affinities of all synthesized spirocyclic amines
were determined by competition experiments using radio-
ligands. The o, affinity was recorded with homogenates of
guinea pig brain and [*H](+)-pentazocine as radioligand.
Nonspecific binding was determined with an excess of
nonradiolabeled (+)-pentazocine. Rat liver and RT-4 cell
membrane preparations served as source for rat (4,) and
human o, receptors (ha,). Because a selective o, radioligand
is not available, the nonselective radioligand [*H]di-o0-
tolylguanidine ([*H]DTG) was used in the presence of an
excess of (+)-pentazocine to mask the o, receptors =
Table 1 summarizes the ¢, and o, affinities of the test
compounds together with Kj-values of some reference
compounds. Unless otherwise noted, the data represent the
mean of three independent experiments (n = 3).

With exception of the tertiary amine 22b [K(5,) = 24 nM],
benzyl-substituted compounds 21—24 show lower &, affinity
than the corresponding cyclohexylmethyl derivatives. This
observation is explained not only by a less effective
encasement of the aromatic phenyl moiety but also by an
unfavorable conformation of the complete ligand in the
binding site (see part “Computer-Assisted Structure—Affinity
Relationships™).

In general, cis-configured derivatives (b-series) reveal higher
o, affinity than their trans-configured counterparts (a-series).
Prominent examples are the pairs of diastereomers trans-4a
(K, = 12 nM)/cis-4b (K, = 5.7 nM) and trans-20a (K, = 8.0
nM)/cis-20b (K; = 3.1 nM). Only in case of the pairs 14a,b,
15a,b, and 19a,b the affinity of trans- and cis-configured
diastereomers is rather similar.

Transformation of the secondary cyclohexylmethylamines
4a,b, 7a,b, 10ab, 14a,b, and 19ab into methylated tertiary
amines led to increased o, recePtor affinity. This trend is also
found for benzylamines 21a,b.”’ The ethoxy derivatives 7/8
represent nice examples as methylation led to 12-fold and 4-
fold increased o, affinity of trans-7a and cis-7b, respectively.

Variations of the 2-benzopyran ring of secondary amines
has a remarkable impact on &, affinity: compounds 10 with a
methoxy moiety in 3-position of the 2-benzopyran system
(10a: K; = 19 nM, 10b: K; = 5.8 nM) show 5—10-fold higher

o, affinity than compounds 7 with an ethoxy moiety (7a: K, =
183 nM, 7b: K; = 36 nM). This trend is also observed for the
tertiary amines 11 (11a: K; = 3.1 nM, 11b: K; = 1.9 nM) and
8 (8a: K, = 15 nM, 8b: K, = 8.1 nM). Ligands 4 and § with a
double bond in 3/4-position and ligands 19 and 20 with a
single bond in 3/4-position show almost the same o, affinity
as the methoxy derivatives 10 and 11.

The benzofurans 14 and 15 reveal slightly reduced o,
affinity compared to the corresponding benzopyrans 10 and
11. In the series of benzofurans cis- and trans-configured
diastereomers display almost the same o) aflinity, but as
observed for the benzopyrans methylation increased the o,
affinity (14a: K; = 19 nM, 14b: K, = 20 nM, 15a: K, = 8.0 nM,
15b: K; = 8.2 nM).

All test compounds show selectivity or slight preference for
the o, over the o, receptor. For most of the compounds the
0,:0, selectivity is in the range of 5—10. However, particularly
high o,:0, selectivity was found for trans-configured tertiary
amines bearing a cyclohexylmethyl and a methyl moiety at the
N-atom. Compounds 8a (o,:0, = 24), 11a (6,:0, = 50), 15a
(o1:0, = 21), and 20a (6,:0, = 22) represent examples to
demonstrate this tendency. Although the cis-configured b-
analogs (8b, 11b, 15b, 20b) reveal higher o, affinity than the
corresponding trans-configured a-isomers, their 6,:6, selectiv-
ity is lower than the o,:0, selectivity of the corresponding
trans-configured analogs. This is because of the considerably
low o, affinity of trans-configured compounds. Obviously, the
o, receptor is more sensitive to the relative configuration of
the benzopyrans and benzofurans than the o, receptor:
changing the cis-configuration of cis-8b into trans-config-
uration (trans-8a) reduced the o, affinity only 2-fold, but the
o, affinity 9-fold resulting in higher ,:0, selectivity for trans-
8a.

Within this series of compounds, cis-configured 2-
benzopyrans 5b, 11b, and 20b with a tertiary amino moiety
(NR, = N(CH;)CH,C4H,,) at the spirocyclic system reveal
the highest g, affinity with K;-values of 2.3, 1.9, and 3.1 nM,
respectively. The corresponding trans-configured 2-benzopyr-
ans Sa, 11a, and 20a show lower &, affinity, but higher o,:5,
selectivity.



Table 1. Receptor Affinities of Spirocyclic 2-Benzopyrans and 2-Benzofurans”

x3 X X
4
Ffz ? H r? o
ri-N w,ﬁ
R2/N\R1
a-series (trans) b-series (cis) a-series (trans) b-series (cis)
4,5 7,8,10, 11,19, 20, 21, 22, 24 14,15, 23
K, + SEM [nM]
compd config X R R o o, he, MOR DOR KOR
4a trans  C(3)=C(4) CH,CH,, H 12 + 2.4 53+ 14 7.0 + 0.83 2587 479 604"
4b cis C(3)=CC(4) CH,CH, H 57 + 13 67 + 7.7 6.7 + 2.7 15% 209° 18%
Sa trans C(3)=CC(4) CH,CH,, CH, 4.9 + 0.65 81 + 13 16 + 4.1 163 11% nd
5b cis C(3)=CC(4)  CH,CH,, CH, 23+034 33439 46 + 13 391° 38% nd
7a trans  OEt CH,CH,, H 183 + 12 161 + 69 16 + 4.8 1857 1857 85
7b cis OEt, CH,C4H,, H 36 + 94 308 £ 53 46 + 24 4957 4327 745
8a trans  OFEt CH,CH,, CH, 15 + L1 361 + 51 93 + 31 879" 13% 24%
8b cis OEt CH,CH,; CH,4 81+ L1 42 + 49 14 + 1.9 297¢ 3567 18%
10a trans  OCH, CH,CH,, H 19 + 4.2 128 +28 nd 354 £203 228 + 130 96 + 44
10b cis OCH, CH,CH,, H 58 + 1.7 101 £43  nd 462 + 297 33% 28%
11a trans  OCH, CH,CH,, CH, 3.1 + 0.63 154 +48 nd 299 + 48 150 + 34 980"
11b cis OCH, CH,CH,, CH, 1.9 + 0.67 12 + 4.2 13 + 39 391 + 21 364 + 62 0%
14a trans  OCH, CH,CH,, H 19 + 3.3 133 £30 39+ 12 273° 114 506"
14b cis OCH, CH,CH,, H 20 + 4.9 52+ 11 11 +22 5017 1437 23%
15a trans  OCH, CH,CH,,  CH, 8.0 + 0.47 164 £55 94 +22 231% 2547 639
15b cis OCH,4 CH,CH,, CH, 82 + 14 70 + 34 7.6 + 1.0 16% 559 0%
19a trans  H CH,CHy; H 15 + 26 99 + 17 8.0 + 1.3 1147 1787 236"
19b cis H CH,CH,, H 18 + 3.8 84 + 19 33+ 11 841 11% 16%
20a trans H CH,CH,,  CH, 80 + 0.71 175 + 3¢ 12 + 20 nd 187¢ 23%
20b cis H CH,C.H,, CH, 31 +032  30+25 55 21 13% 565 10%
212" trans  OCH, Bn H 538 + 56 2000 40% 38+ 13 49 + 27 204 + 88
21" cis OCH, Bn H 158+50 ° 227 20% 41% 27%
222" trans  OCH, Bn CH; 43 + 18 1440° nd 41 + 18 3714 250"
22b" cis OCH, Bn CH, 24 + 47 329¢ nd 12% 1300 2300°
23a trans  OCH, Bn H 262" 25%" nd 115 + 51 30% 413"
23b cis OCH, Bn H 50 + 4.6 7517 nd 7687 6557 11407
24a trans H Bn H 256 + 72 13%" nd 31 +11 14 + 8 85 + 27
24b cis H Bn H 97 + 4.8 503" nd 0% 20% 0%
(+)-pentazocine 54 + 0.5
DTG 71 + 8 54+ 8 20+6
naloxone 2.1 +£05 24 + 05 69 + 0.5
morphine 3.9 + 21 20+ 03 35+6

“Result from one experiment. ’No correlation between concentration and receptor affinity. “Inhibition of radioligand binding at 1 pM

concentration of test compound. “nd = not determined.

Exemplarily, the affinity of the tertiary amines trans-11a, cis-
11b, trans-22a, and cis-22b toward the human o, receptor was
recorded.”® As for the guinea pig o, receptors the cyclo-
hexylmethylamines trans-11a [K(ho,) = 6.9 nM] and cis-11b
[K(ho,) 7.3 nM] display higher o, affinity than the
corresponding benzylamines trans-22a [K;(ho,) = 40 nM] and
cis-22b [Ki(ho,) = 39 nM]. Although the K;-values obtained
with guinea pig and human o, receptors are not identical, the
same trends are observed, which is because of the high-
sequence homology (93%)* of guinea pig and human o,
receptors. It can be concluded that 5, receptors from guinea
pig can be used as good model for human o, receptors at least
for this compound class.

In order to investigate the affinity toward human o,
receptors, membrane preparations from RT-4 cells were
employed in the same assay as described above. The human

urinary bladder cancer cell line RT-4 was used because of its
high physiological expression of &, receptors.”’ The K,-values
obtained for most of the test compounds with RT-4-cell
membrane preparations are generally 5—10-fold lower than
the Ki-values recorded with rat liver membrane preparations.
However, in both assay systems the same trends are observed

(Table 1).

B COMPUTER-ASSISTED STRUCTURE—AFFINITY
RELATIONSHIP

The experimental affinity values of the present compounds for
the &, receptor were rationalized in silico using a combination
of docking/free energy-based scoring techniques.”*'~** For
this purpose, the X-ray crystal structure recently published by
Kruse et al. (PDB SHK1) was used.’” The computational
approach confirmed the structure—affinity relationship deter-
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Figure 2. (A) Correlation between the predicted values of the free energy of binding (AGmmp) for all compounds to the o, receptor (PDB
SHK1) and the corresponding experimental AG.,,, calculated via the following relationship: AG,,, = —RT In(1/Ki(c,)) using the Ki(,) values
listed in Table 1. (B) Compound cis-11b in complex with the o, receptor (PDB SHK1). The ligand is shown in atom-colored sticks-and-balls (C,
gray; N, blue, O, red); the protein is portrayed as light gray ribbons. The main receptor residues involved in binding cis-11b are labeled and
shown as colored sticks according to the following scheme: E172 and Y103, red; W89, M93, L105, F107, and M170, ff-barrel motif, green; L182,
F184, and A185, membrane-proximal a-helix, yellow; Y120, F133, H154, and W164, third hydrophobic pocket, cyan with transparent van der
Waals surface. Hydrogen atoms, water molecules, ions, and counterions are omitted for clarity. (C) 2D schematic representation of stabilizing

interactions between the &, receptor and cis-11b.
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Figure 3. Comparison of the per-residue binding enthalpy decomposition (AH,,,) between the lead compound cis-11b (solid color bars) and (A)

trans-11a, (B) ¢is-10b, and (C) cis-22b (patterned color bars).

mined by the receptor-binding studies, as testified from the
good correlation (R* = 0.80) between the calculated free
energies of binding and the corresponding experimental
values, as shown in Figure 2A (see Table Sl in Supporting
Information).

Taking the most potent o, ligand cis-11b [K(6,) = 1.9 nM]
as the reference compound, the analysis of the equilibrated
portion of corresponding molecular dynamics (MD) trajectory
(Figure 2B) revealed in detail the qualitative pattern of the
intermolecular interactions between all these molecules and
the o, receptor. Specifically, the basic amine nitrogen of cis-
11b is engaged in a persistent salt bridge with the carboxylate
group of E172, this residue being oriented in an optimal
position by virtue of an hydrogen bond with Y103 (Figure
2B,C). Two receptor hydrophobic regions concur to nest two

lipophilic moieties of cis-11b: the spiro[cyclohexane-2-
benzopyran] group is encased in a cavity lined by the side
chains of residues W89, M93, L105, F107, and MI170
(belonging to the p-barrel motif) and of residues L182,
F184, and A185 of the membrane-proximal a-helix (Figure
2B,C). Finally, the N-cyclohexylmethyl moiety of cis-11b is
nicely located within a third hydrophobic pocket made up by
residues Y120, F133, H154, and W164 (Figure 2B,C).

The analysis of the binding free energy values AGy,
coupled with complementary per-residue binding enthalpy
decomposition (AH,.) allowed for further compound/
receptor structure—affinity relationship considerations. Taking
again the lead compound cis-11b as a proof-of-concept
(AGmp = —10.63 + 0.21 kcal/mol), the saturated
benzopyran scaffold appears to be the optimal group for



enhancing the interactions with the o, receptor. Indeed,
although no major differences could be identified, both the
presence of a double bond as in cis-5b (AGmmp = =983 +
0.23 kcal/mol) and a smaller O-heterocycle in the annulated
ring system as in the benzofuran derivative cis-15b (A G =
—9.61 + 0.18 kcal/mol) led to a decrease in the respective,
favorable interactions with the first hydrophobic pocket of the
o, binding site.

Other structural modifications deserve a more detailed
analysis to justify the experimental/computational affinity
results. The prevalent higher affinity of the cis-configured
diastereomers with respect to the trans-configured diaster-
eomers can be ascribed to a different orientation of the ligand
in the first hydrophobic protein-binding pocket. As an
example, Figure 3A shows that the interactions performed
by trans-11a (diastereomer of the reference compound cis-
11b), with the residues W89, M93, L105, F107, and M170 in
the fi-barrel region, and with amino acids L182, F184, A185
on the proximal transmembrane a-helix provide a lower
stabilizing contribution (~0.5 kcal/mol) compared to the lead
compound. On the other hand, the salt bridge with E172 and
the hydrophobic interactions performed by the cyclo-
hexylmethyl moiety in the third hydrophobic pocket are
almost unaffected (Figure 3A).

Methylation of the secondary amine also led to a slight
improvement of the &, binding affinity for all test compounds.
Although the secondary basic amine of cis-10b (AG ., =
—9.99 + 0.23 kcal/mol) establishes a more favorable salt
bridge with E172 compared to cis-11b (Figure 3B), it fails to
establish the same interactions with the second receptor
hydrophobic pocket, because of a different orientation of
Y120. This, in turn, leads to a slight distortion of that
particular region of the receptor. Furthermore, the lack of the
methyl group does not provide the optimal interactions with
M170 and F107.

Experimentally, the most substantial loss in @, receptor
affinity was observed for the series of N-benzyl derivatives. In
agreement with these in vitro experiments, for these
compounds our computational analysis highlights a reduction
of about 2 kecal/mol in receptor binding energy. As seen from
Figure 3C, compound cis-22b (AG,,,, = —8.81 + 0.20 kcal/
mol) exhibits lower interaction energies for all amino acids
involved in the binding site. This not only implies that the
aromatic ring is less effectively encased within the second o
hydrophobic pocket but also that the conformation assumed
by the ligand in the receptor binding site is not optimal to
guarantee the best interactions with the rest of the involved
residues (Figure 3C).

B &; ANTAGONISTIC ACTIVITY

It has been reported that ¢, agonists are able to inhibit the
KCl-induced Ca?* influx into synaptosomes.”” Whereas the &,
agonist opipramol™*” was able to reduce the KCl-induced
Ca® influx, the cyclohexylmethyl derivative cis-11b [(K,/6,) =
1.9 nM] did not have any effect on the Ca** influx. In a
second experiment, synaptosomes were preincubated with the
test compound cis-11b (10 nM) for 5 min. Then, opipramol
(100 M) was added and after 5 min, the cells were
stimulated with KCl (80 mM). Under these conditions, the
effect of opipramol on the Ca®" influx was inhibited by the
spirocyclic test compound cis-11b. Both experiments together
demonstrate the o, antagonistic effect of cis-11b.

B OPIOID RECEPTOR AFFINITY

The affinity of the test compounds toward the opioid
receptors y-opioid receptor (MOR), &-opioid receptor
(DOR) and k-opioid receptor (KOR) was investigated in
receptor-binding studies using radioligands.””™>* The inter-
action with opioid receptors was recorded, because the o
receptor was originally considered as one opioid receptor
subtype.' Moreover, slight variations of potent KOR agonists,
for example, amide reduction or change of configuration of
the potent KOR agonist U-50488 resulted in potent o
ligands.”** In the class of benzomorphans the configuration
defines whether a ligand interacts with o, or opioid
receptors.ss'“'

The cyclohexylmethyl-substituted derivatives show low
affinity toward all three opioid receptors MOR, DOR, and
KOR indicating high selectivity for o, receptors over these
opioid receptors.

However, replacement of the cyclohexylmethyl moiety by a
benzyl moiety considerably increased the MOR affinity of the
ligands. In particular high MOR affinity was found for trans-
configured spirocyclic compounds trans-21a—24a (K, = 31—
115 nM), whereas the corresponding cis-configured analogs
cis-21b—24b show only negligible MOR affinity. Compounds
with a benzopyran structure (trans-21a, trans-22a, trans-24a:
K, = 31—41 nM) reveal 3-fold higher MOR affinity than the
benzofuran derivative trans-23a.

Exemplarily, the affinity of trans-22a toward human MOR
was determined in a cell-based assay resulting in a very similar
K-value of 18 nM instead of 41 nM. The MOR affinity of the
trans-configured benzylamines trans-21a—24a exceeds their o,
receptor aflinity. Within this series of compounds benzopyrans
trans-21a and trans-24a with the benzylamino moiety display
the highest MOR affinity (K; = 38 nM, K; = 31 nM) and
MOR:0, selectivity (14-fold, 8.5-fold). It can be concluded
that replacement of the cyclohexylmethyl moiety by the
benzyl moiety can shift the receptor profile from potent and
selective o, receptor ligands toward potent and selective MOR
ligands.

The same trend was observed for DOR and KOR affinity,
that is, low DOR and KOR affinity was found for
cyclohexylmethyl-substituted derivatives, whereas medium to
high DOR and KOR affinity was detected for benzylamines.
In the small series of benzopyrans higher DOR and KOR
affinity was found for trans-configured derivatives trans-21a,
trans-22a, and trans-24a than for their cis-configured analogs
cis-21b, cis-22b, and cis-24b. trans-21a and trans-24a showing
the highest MOR affinity and MOR:o; selectivity display also
the highest DOR (K; = 49 nM; K; = 14 nM) and KOR affinity
(K; = 204 nM; K, = 85 nM). In particular, the DOR affinity of
these compounds is in the same range as their MOR affinity.

In Figure 4, the most potent MOR ligand trans-24a is
superposed with the potent MOR activating analgesic
fentanyl. It can be seen that the phenylethylpiperidine
substructure of fentanyl adopts the same orientation as the
benzylaminocyclohexane substructure of trans-24a. The
phenyl ring of fentanyl and the benzopyran structure of
trans-24a have the same position in both compounds. Finally,
the propionamide and the pyran ring are regarded as
equivalent.



Figure 4. Superposition of frans-24a with fentanyl. After stochastic
conformational analysis, a flexible alignment of trans-24a and fentanyl
was performed. Only reliable, energetically favored conformations
(small AU values) were considered in the alignment.

B SELECTIVITY OVER FURTHER RECEPTORS

The affinity of some ligands toward the phencyclidine (PCP)
binding site of the NMDA receptor was recorded exemplarily.
Binding at the PCP binding site was considered because small
variations of 6, ligands can lead to strong interactions with the
PCP binding site. In the class of benzomorphans, dextro-
rotatory enantiomers show high affinity toward o, receptors,
whereas laevorotatory enantiomers display high PCP
affinity.”™>" In the binding assay with the radioligand
[*H](+)-MK-801,""*" the secondary and tertiary cyclo-
hexylmethylamines trans-10a, cis-10b, and trans-11a, cis-11b,
as well as the secondary and tertiary benzylamines trans-21a,
cis-21b, and trans-22a, cis-22b did not show any interaction
with the PCP binding site of the NMDA receptor up to a
concentration of 1 gM. These results led to the conclusion
that the spirocyclic compounds display high selectivity for the
o, receptor over the PCP binding site of the NMDA receptor.

The promising diastereomeric tertiary amines trans-11a
[K(6,) = 3.1 nM] and cis-11b [K(o,) = 1.9 nM] with an N-
cyclohexylmethyl moiety and trans-22a [K(6,) = 43 nM;
K.(MOR) = 41 nM] and cis-22b [K(o,) = 24 nM; K,(MOR)
> 1 uM] with an N-benzyl moiety were selected for a small
receptor screening. The compounds were tested at a
concentration of 1 uM for their interaction with various
transporters and receptors.59 At this ligand concentration, the
test compounds did not interact with noradrenalin, dopamine,
and serotonin transporters as well as with a;,, a,,, 5-HT,,
and 5-HT,; receptors. The only exception was the most
potent o, receptor ligand cis-11b displaying moderate affinity
at a concentration of 1 yM toward a,, (68%), a,, (93%), 5-
HT,, (60%), and 5-HT,; (62%) receptors. Up to the rather
high concentration of 100 pM cytotoxicity of the four
compounds was not observed.

B PHARMACOKINETIC STUDIES

In order to analyze, whether the compound class is
appropriate for in vivo evaluation in neuropathic pain (o
ligands) or general pain (MOR ligands) mouse models,
preliminary physicochemical, and pharmacokinetic studies
were performed with the diastereomeric tertiary cyclo-
hexylmethylamines trans-11a and cis-11b and tertiary benzyl-
amines trans-22a and cis-22b. The calculated log P values of
the cyclohexylmethylamines 11 (clog P = 4.9) is higher by 0.6
units than the clog P value of the corresponding benzylamines
22 (clog P = 4.3).

In a screening, the four test compounds did not inhibit the
CYP enzymes CYP1A2, CYP2C9, CYP2C19, and CYP3A4.”"
In particular, the missing interaction with important CYP3A4
should be emphasized. However, all four compounds showed
more than 90% inhibition of CYP2D6. In case of further
development, CYP2D6 inhibition has to be carefully observed.

In order to get an idea about the metabolic stability, the
four test compounds were incubated with human liver
microsomes and NADPH. After 60 min, more than 50% of
the parent compounds remained intact indicating promising
metabolic stability.

B CONCLUSIONS

Compared to the spirocyclic piperidines I and II the distance
between the basic amino moiety and the benzene ring and the
relative orientation of the amino group and its substituents are
modified in the newly designed spirocyclic compounds of type
III. Although the orientation is modified, the 3D arrangement
of the various functional groups is well defined. Moreover, the
spirocyclic cyclohexanes allow a broader modification of the
basic amino moiety by introduction of two substituents.

A set of 28 spirocyclic amines was synthesized in multistep
syntheses. Secondary cyclohexylmethylamines reveal high a;
receptor affinity, but tertiary, N-methylated analogues display
even higher o, affinity. cis-Configured diastereomers show
higher o, affinity than their trans-configured counterparts.
Variation of the 2-benzopyran ring does not affect the o,
receptor aflinity considerably. Exemplarily, the o) receptor
antagonistic activity of tertiary cyclohexylmethylamine cis-11b
(K; = 1.9 nM) was confirmed in a Ca*" influx assay. MDs
calculations based on the recently published X-ray crystal
structure of the o, receptor led to a nice correlation between
the recorded affinity (Ki-values transformed into AG,,) and
the predicted free energy of binding (AG,,,) for all
compounds. The spirocyclic ligands adopt similar binding
poses in the binding pocket with a permanent ionic
interaction between the protonated amino moiety and the
carboxylate moiety of E172 as crucial interaction. The
lipophilic parts of the ligands, that is, the spiro[benzopyran-
1,1'-cyclohexane] and the cyclohexylmethyl moieties are
encased in two lipophilic pockets of the receptor protein.

Unexpectedly, changing the N-cyclohexylmethyl into an N-
benzyl moiety led to a dramatic change of the receptor profile.
Whereas the N-cyclohexylmethyl derivatives reveal only low
MOR, DOR, and KOR affinity, the analogous N-benzyl
derivatives show high MOR affinity. Because the MOR affinity
resides predominantly in the trans-configured diastereomers
displaying lower o, affinity, the MOR:o, selectivity is rather
high, for example, for trans-21a (14-fold) and trans-24a (8-
fold). In summary, cis-configured spiro[benzopyran-1.1'-
cyclohexanes] bearing a cyclohexylmethyl moiety represent
high-affinity and selective o, ligands (e.g, cis-10b, cis-19b),
whereas the corresponding trans-configured analogs trans-21a
and trans-24a with an N-benzyl group interact with
remarkable affinity and selectivity with MOR. These results
demonstrate nicely that small changes of the substituents (e.g,,
C.H,,CH, into C4H;CH,) and the stereochemistry (cis-into
trans-configuration) could lead to dramatic changes in the
affinity profile of compounds.

B EXPERIMENTAL SECTION

Chemistry, General. Thin-layer chromatography: silica gel 60
F254 plates (Merck) were used. fc: silica gel 60, 40—43 um (Merck)



was used; parentheses include: diameter of the column, eluent, R;
value. Melting point: melting point apparatus SMP 3 (Stuart
Scientific) was used, uncorrected. '"H NMR (400 MHz), *C NMR
(100 MHz): Unity Mercury Plus AS 400 NMR spectrometer
(Varian); & in ppm related to tetramethylsilane; coupling constants
are given with 0.5 Hz resolution; the assignments of °C and 'H
NMR signals were supported by 2D NMR techniques. The purity of
the compounds was determined by high-performance liquid
chromatography (HPLC) analysis (details see Supporting Informa-
tion). Unless otherwise noted, the purity of all test compounds is
>95% according to the HPLC method. The purity of some
compounds was determined by elemental analysis.

Spiro[[2]benzopyran]-1,1’-cyclohexan-4'-one (3). A solution
of hydroxy acetal 2 (102 mg, 0.37 mmol) and p-toluenesulfonic acid
monohydrate (12 mg, 0.06 mmol) in CH,Cl, (8 mL) was stirred at
rt for 6 d. Subsequently, CH,Cl, (10 mL) was added and the mixture
was washed with 0.2 M NaOH (10 mL) and H,O (10 mL). The
aqueous layer was re-extracted with CH,Cl, (10 mL). The combined
organic layers were dried (K,CO,) and concentrated in vacuo, and
the residue was purified by fc (@ 3 cm, cyclohexane/ethyl acetate =
4/1, 22 cm, 10 mL). Re (cyclohexane/ethyl acetate = 4/1, 0.38).
Colotless solid, mp 104 °C, yield 78.5 mg (25%). C,,H,,0, (214.3).
'H NMR (CDCL): & (ppm) = 2.09 (“td”, J = 13.8/4.9 Hz, 2H,
(CH,CH,),C=0), 2.31-2.39 (m, 2H, (CH,CH,),C=0), 2.61—
2.69 (m, 2H, (CH,CH,),C=0), 2.84 (“td”, ] = 14.4/6.3 Hz, 2H,
(CH,CH,),C=0), 5.85 (d, ] = 5.6 Hz, 1H, ArCHCHO), 6.58 (d, J
= 5.7 Hz, 1H, ArCHCHO), 7.00 (dd, J = 7.2/1.6 Hz, 1H, Ar-H),
7.06 (dd, J = 7.5/1.2 Hz, 1H, Ar-H), 7.18 (“td”, ] = 7.4/1.6 Hz, 1H,
Ar-H), 7.22 (“td”, ] = 7.3/1.4 Hz, 1H, Ar-H). Purity (HPLC method
A): 96.6%, t; = 19.2 min.

trans-N-(Cyclohexylmethyl)spiro[[2]benzopyran-1,1’-cyclo-
hexan]-4’-amine (4a) and cis-N-(Cyclohexylmethyl)spiro[[2]-
benzopyran-1,1'-cyclohexan]-4'-amine (4b). Under N,, a
mixture of ketone 3 (75 mg, 0.35 mmol), cyclohexylmethylamine
(98%, 63 mg, 0.54 mmol), acetic acid (20 uL, 045 mmol),
NaBH(OAc); (95%, 141 mg, 0.63 mmol), and THF (7 mL) was
stirred at rt for 3 h. Subsequently, 1 M NaOH (10 mL) was added
and the mixture was extracted with CH,Cl, (3 X 20 mL) and with
Et,O (20 mL). The combined organic layers were dried (K,CO;)
and concentrated in vacuo, and the residue was purified by fc (2 2.5
cm, cyclohexane/ethyl acetate = 19/1 + 0.5% N,N-dimethylethan-
amine, 15 cm, 10 mL). R; (cyclohexane/ethyl acetate = 19/1 + 0.5%
N,N-dimethylethanamine, 4a: R; = 0.18, 4b: R; = 0.05).

4a: Colorless solid, mp 35 °C, yield 31 mg (28%). C,H,yNO
(311.5). '"H NMR (CDCLy): § (ppm) = 0.92(“qd”, ] = 11.9/2.9 He,
2H, NCH,(cyclohexyl-H)), 1.11—1.32 (m, 4H, NCH,(cyclohexyl-
H)), 1.38—1.50 (m, 1H, NCH,(cyclohexyl-H)), 1.55—1.64 (m, 2H,
(CH,CH,),CHN), 1.64—1.83 (m, 4H, NCH,(cyclohexyl-H), 1.87—
2.04 (m, 6H, (CH,CH,),CHN)), 243 (d, J] = 66 Hz, 2H,
NCH,(cyclohexyl-H)), 2.87 (“quint’, ] = 3.0 Hz, 1H, 4'-H,), 5.72
(d, J = 5.7, 1H, OCH=CHAr), 649 (d, ] = 5.7 Hz, 1H, OCH=
CHAr), 6.89—6.94 (m, 1H, Ar-H), 7.12=7.17 (m, 3H, Ar-H). A
signal for the NH-proton is not seen in the spectrum.

4b: Colorless solid, mp 85 °C, yield 57 mg (52%). C,H,,NO
(311.5). 'H NMR (CDCL): & (ppm) = 0.86-0.96 (m, 2H,
NCH,(cyclohexyl-H)), 1.11—1.33 (m, 4H, NCH,(cyclohexyl-H)),
1.40-1.50 (m, 1H, NCH,(cyclohexyl-H)), 1.54—1.87 (m, 10H,
NCH,(cyclohexyl-H) (4H), (CH,CH,),CHN (6H)), 2.28—2.39 (m,
2H, 2'-H,, 6'-H,), 2.47-2.57 (m, 1H, 4'-H,), 2.50 (d, ] = 6.7 Hz,
2H, NCH, (cyclohexyl-H)), 5.75 (d, J = 5.7 Hz, 1H, OCH=CHA),
6.47 (d, J = 5.6 Hz, 1H, OCH=CHAr), 6.92—6.94 (m, 1H, Ar-H),
7.05—7.07 (m, 1H, Ar-H), 7.12—7.19 (m, 2H, Ar-H). A signal for the
NH-proton is not seen in the spectrum.

trans-N-(Cyclohexylmethyl)-N-methylspiro[[2]benzopyran-
1,1'-cyclohexan]-4’-amine (5a). Under N,, cyclohexylmethyl-
amine 4a (23.6 mg, 0.08 mmol) was dissolved in CH,Cl, (5§ mL).
Formalin (37%, stabilized with 10—15% MeOH, 114 uL, 1.50 mmol)
and NaBH(OAc); (95%, 27 mg, 0.12 mmol) were added and the
reaction mixture was stirred at rt for 2 h. Subsequently, H,O (10
mL) was added and the mixture was extracted with CH,Cl, (3 x 20

mL) and once Et,;0 (20 mL). The combined organic layers were
dried (K,CO;) and concentrated in vacuo, and the residue was
purified by fc (@ 2 cm, cyclohexane + 0.5% N,N-dimethylethan-
amine, 15 cm, 10 mL). R; (cyclohexane + 0.5% N,N-dimethylethan-
amine, 0.09, cyclohexane + 1% N,N-dimethylethanamine, 0.35).
Colorless oil, yield 20 mg (81%). C,,H;NO (325.5). '"H NMR
(CDCL): 6 (ppm) = 0.79—-0.89 (m, 2H, NCH,(cyclohexyl-H)),
1.10-1.31 (m, 4H, NCH,(cyclohexyl-H)), 1.44—1.55 (m, 1H,
NCH,(cyclohexyl-H)), 1.63—1.75 (m, 3H, NCH,(cyclohexyl-H)
(1H), (CH,CH,),CHN (2H)), 1.78—1.88 (m, SH,
NCH,(cyclohexyl-H) (3H), (CH,CH,),CHN (2H)), 1.91-199
(m, 2H, (CH,CH,),CHN), 2.03—2.12 (m, 2H, (CH,CH,),CHN),
2.13 (d, J = 7.1 Hz, 2H, NCH,(cyclohexyl-H)), 2.17 (s, 3H, NCH,),
224 (“quint’, J = 3.3 Hz, 1H, 4-H,), 572 (d, ] = 5.6 Hz, 1H,
OCH=CHAr), 649 (d, ] = 5.6 Hz, 1H, OCH=CHAr), 6.90—6.94
(m, 1H, Ar-H), 7.11-7.18 (m, 3H, Ar-H).

cis-N-(Cyclohexylmethyl)-N-methylspiro[[2]benzopyran-
1,1'-cyclohexan]-4'-amine (5b). Under N,, cyclohexylmethyl-
amine 4b (42.6 mg, 0.14 mmol) was dissolved in CH,Cl, (5 mL).
Formalin (37%, stabilized with 10—15% MeOH, 205 uL, 2.70
mmol), and NaBH(OAc); (95%, 48 mg, 0.22 mmol) were added and
the reaction mixture was stirred at rt for 2 h. Subsequently, H,O (10
mL) was added and the mixture was extracted with CH,Cl, (3 x 20
mL) and once with Et;0 (20 mL). The combined organic layers
were dried (K,CO,) and concentrated in vacuo, and the residue was
purified by fc (@ 2 cm, cyclohexane + 0.5% N,N-dimethylethanamine,
15 cm, 10 mL). R; (cyclohexane + 0.5% N,N-dimethylethanamine,
0.05, cyclohexane + 1% N,N-dimethylethanamine, 0.12). Colorless
solid, mp 73 °C, yield 40 mg (90%). C,,H,,NO (325.5). '"H NMR
(CDCLy): 6 (ppm) = 0.79—-0.92 (m, 2H, NCH,(cyclohexyl-H)),
1.11-1.32 (m, 4H, NCH,(cyclohexyl-H)), 1.35—1.47 (m, 1H,
NCH,(cyclohexyl-H)), 1.52—1.84 (m, 10H, NCH,(cyclohexyl-H)
(4H), (CH,CH,),CHN (6H)), 2.23-2.27 (m, 2H,
(CH,CH,),CHN, 2.30 (s, 3H, NCH,)), 2.36-2.40 (m, 2H,
NCH,(cyclohexyl-H)), 2.43—2.54 (m, 1H, 4'-H,), 574 (d, ] = 5.6
Hz, 1H, OCH=CHAr), 6.51 (d, | = 5.6 Hz, 1H, OCH=CHAr),
6.92—6.94 (m, 1H, Ar-H), 7.05-7.09 (m, 1H, Ar-H), 7.12—7.18 (m,
2H, Ar-H).

trans-N-(Cyclohexylmethyl)-3-methoxy-3,4-dihydrospiro-
[[2]benzopyran-1,1'-cyclohexan]-4'-amine (10a) and cis-N-
(Cyclohexylmethyl)-3-methoxy-3,4-dihydrospiro[[2]-
benzopyran-1,1'-cyclohexan]-4'-amine (10b). Under N,, ketone
9 (146 mg, 0.59 mmol) was dissolved in THF (5 mL).
Cyclohexylmethylamine (98%, 89 mg, 0.77 mmol), acetic acid (34
#L, 0.60 mmol), and NaBH(OAc); (95%, 212 mg, 0.95 mmol) were
added and the mixture was stirred at rt for 4 h. Subsequently, 1 M
NaOH (15 mL) was added and the mixture was extracted with Et,O
(3 X 15 mL). The combined organic layers were dried (K,CO,) and
concentrated in vacuo, and the residue was purified by fc (@ 4 cm,
cyclohexane + 2% N,N-dimethylethanamine, 20 c¢m, 20 mL). R;
(cyclohexane + 2% N,N-dimethylethanamine, 10a: R; = 0.24, 10b: R;
= 0.05).

10a: Colorless solid, mp 56 °C, yield 75 mg (37%). C,,Hy3NO,
(343.6). '"H NMR (CDCl): § (ppm) = 090-103 (m, 2H,
NCH,(cyclohexyl-H)), 1.13—1.35 (m, 4H, NCH,(cyclohexyl-H)),
1.40-1.53 (m, 1H, NCH,(cyclohexyl-H)), 1.57—1.87 (m, 8H,
NCH,(cyclohexyl-H) (4H), (CH,CH,),CHN) (4H)), 1.90-2.12
(m, 3H, (CH,CH,),CHN), 2.25 (“td’, ] = 13.6/3.9 Hz, 1H, 2'-H,),
245 (d, ] = 6.6 Hz, 2H, NCH,(cyclohexyl-H), 2.86—2.95 (m, 3H,
4'-H, (1H), ArCH,CHOCH, (2H)), 3.57 (s, 3H, OCH,), 4.85 (dd,
J = 6.7/42 Hz, 1H, ArCH,CHOCHj,), 7.05-7.10 (m, 1H, Ar-H),
7.12—~7.24 (m, 3H, Ar-H). A signal for the NH-proton is not seen in
the spectrum.

10b: Colotless solid, mp 95 °C, yield 107 mg (53%). C,,H;;NO,
(343.6). 'H NMR (CDCL): & (ppm) = 0.86-098 (m, 2H,
NCH,(cyclohexyl-H)), 1.10—133 (m, 4H, NCH,(cyclohexyl-H)),
142-1.53 (m, 1H, NCH,(cyclohexyl-H)), 1.55—1.99 (m, 11 H,
NCH,(cyclohexyl-H) (4H), (CH,CH,),CHN (7H)), 2.06—2.12 (m,
1H, 2'-H,), 2.51-2.60 (m, 3H, NCH,(cyclohexyl-H) (2H), 4'-H,
(1H)), 2.89 (dd, J = 15.5/6.5 Hz, 1H, ArCH,CHOCH,), 2.94 (dd, J



= 15.6/3.7 Hz, 1H, ArCH,CHOCH,), 3.56 (s, 3H, OCH,), 4.85
(dd, J = 6.7/3.9 Hz, 1H, ArCH,CHOCH,), 7.07-7.13 (m, 2H, Ar-
H), 7.13-7.22 (m, 2H, Ar-H). A signal for the NH-proton is not
seen in the spectrum.
trans-N-(Cyclohexylmethyl)-3-methoxy-N-methyl-3,4-
dihydrospiro[2-benzopyran-1,1'-cyclohexan]-4"-amine (11a).
Under N,, cyclohexylmethylamine 10a (44 mg, 0.13 mmol) was
dissolved in CH,Cl, (2.5 mL). Formalin (37%, stabilized with 10—
15% MeOH, 190 uL, 2.55 mmol), and NaBH(OAc); (95%, 46 mg,
0.20 mmol) were added and the reaction mixture was stirred at rt for
2 h. Then, H,O (10 mL) was added and the mixture was extracted
with CH,Cl, (3 x 20 mL) and Et,0 (1 X 10 mL). The combined
organic layers were dried (K,CO,) and concentrated in vacuo, and
the residue was purified by fc (@ 2 cm, cyclohexane + 0.5% N,N-
dimethylethanamine, 20 c¢m, 10 mL). R; (cyclohexane + 0.5% N,N-
dimethylethanamine: 0.09). Pale yellow solid, mp 60 °C, yield 41 mg
(90%). C;3H;sNO, (357.6). '"H NMR (CDCly): 6 (ppm) = 0.80—
0.95 (m, 2H, NCH,(cyclohexyl-H)), 1.11-1.34 (m, 4H,
NCH,(cyclohexyl-H)), 1.50—1.62 (m, 3H, NCH,(cyclohexyl-H)),
1.65—1.80 (m, 4H, NCH,(cyclohexyl-H) (2H), (CH,CH,),CHN
(2H)), 1.84-1.90 (m, 3H, (CH,CH,),CHN), 1.90—2.08 (m, 2H,
(CH,CH,),CHN), 2.16 (dd, J = 7.2/1.5 Hz, 2H, NCH,(cyclohexyl-
H)), 2.20—2.33 (m, SH, NCH, (3H), 4'-H, (1H), 2/-H, (1H)), 2.89
(dd, J = 15.7/7.0 Hz, 1H, ArCH,CHOCH,;), 2.94 (dd, ] = 15.8/4.0
Hz, 1H, ArCH,CHOCHS,), 3.58 (s, 3H, OCH,), 4.86 (dd, ] = 6.6/
4.3 Hz, 1H, ArCH,CHOCHS,), 7.05-7.09 (m, 1H, Ar-H), 7.12—7.24
(m, 3H, Ar-H).
cis-N-(Cyclohexylmethyl)-3-methoxy-N-methyl-3,4-
dihydrospiro[2-benzopyran-1,1'-cyclohexan]-4"-amine (11b).
Under N,, cyclohexylmethylamine 10b (46 mg, 0.14 mmol) was
dissolved in CH,Cl, (2.5 mL). Formalin (37%, stabilized with 10—
15% MeOH, 201 yL, 2.70 mmol), and NaBH(OAc); (95%, 48 mg,
0.22 mmol) were added and the reaction mixture was stirred at rt for
2 h. Then, H,0 (10 mL) was added and the mixture was extracted
with CH,Cl, (3 X 20 mL) and Et,O (1 x 10 mL). The combined
organic layers were dried (K,CO;) and concentrated in vacuo, and
the residue was purified by fc (@ 2 cm, cyclohexane + 1% N,N-
dimethylethanamine, 20 ¢m, 10 mL). R¢ (cyc[ohexane + 1% N,N-
dimethylethanamine: 0.15). Pale yellow solid, mp 77 °C, yield 43 mg
(89%). Cp3HyNO, (357.6). 'H NMR (CDCL): & (ppm) = 0.79—
0.91 (m, 2H, NCH,(cyclohexyl-H)), 1.10-1.32 (m, 3H,
NCH,(cyclohexyl-H)), 1.36—1.49 (m, 1H, NCH,(cyclohexyl-H)),
1.57-1.75 (m, 6H, NCH,(cyclohexyl-H) (5H), (CH,CH,),CHN
(1H)), 1.76—1.84 (m, 3H, (CH,CH,),CHN), 1.85-2.01 (m, 3H,
(CH,CH,),CHN), 2.09—2.17 (m, 1H, 2'-H,), 2.25 (d, ] = 6.8 Hz,
2H, NCH,(cyclohexyl-H)), 2.31 (s, 3H, NCH,), 2.49—2.59 (m, 1H,
4'-H,), 2.89 (dd, ] = 15.5/6.5 Hz, 1H, ArCH,CHOCHj,), 2.94 (dd, |
= 15.5/3.5 Hz, 1H, ArCH,CHOCH,), 3.59 (s, 3H, OCH,), 4.86
(dd, J = 6.9/3.9 Hz, 1H, ArCH,CHOCH,), 7.06—7.22 (m, 4H, Ar-
H).
3-Methoxy-3H-spiro[[2]-benzofuran-1,1'-cyclohexan]-4'-
one (13). Under N,, a solution of 2-bromobenzaldehyde dimethyl
acetal (12, 257 mg, 1.11 mmol) in THF abs. (12 mL) was cooled to
—78 °C. Subsequently, n-BuLi (1.6 M in n-hexane, 0.84 mL, 1.34
mmol) was added dropwise. After 20 min, cyclohexane-1,4-dione
(250 mg, 2.23 mmol in THF abs,, 2 mL) was added rapidly and the
mixture was stirred at —78 °C for 20 min and 1 h at rt. Then, H,0
was added and the mixture was extracted with Et,O (2x) and
CH,Cl, (2x). The organic layer was concentrated in vacuo and the
residue was purified by fc (4 cm, cyclohexane/ethyl acetate = 2/1),
24 cm, 20 mL, Ry (cyclohexane/ethyl acetate = 2/1, 0.21). The
isolated product (contaminated, 177 mg) was dissolved in THF, p-
toluenesulfonic acid monohydrate (23 mg, 0.12 mmol) was added
and the mixture was stirred at rt for 24 h. Subsequently, 0.2 M
NaOH (20 mL) was added and the aqueous layer was extracted with
Et,O (3 X 20 mL). The combined organic layers were dried
(K,CO;) and concentrated in vacuo, and the residue was purified by
fc (& 4.5 cm, cyclohexane/ethyl acetate = 6/1, 21 cm, 20 mL). R;
(cyclohexane/ethyl acetate = 6/1, 0.20). Colorless solid, mp 129 °C,
yield 113 mg (44%). C,4H,0; (232.3). 'H NMR (CDCL,): & (ppm)

= 2.01-2.08 (m, 1H, (CH,CH,),C=0), 2.14-229 (m, 3H,
(CH,CH,),C=0), 2.39-2.46 (m, 2H, (CH,CH,),C=0), 2.90—
3.00 (m, 2H, (CH,CH,),C=0), 3.54 (s, 3H, OCH,), 6.16 (s, 1H,
ArCHOCHS,), 7.12=7.17 (m, 1H, ArH), 7.35—7.42 (m, 3H, Ar-H).

trans-N-(Cyclohexylmethyl)-3-methoxy-3H-spiro[[2]-
benzofuran-1,1'-cyclohexan]-4'-amine (14a) and cis-N-(Cyclo-
hexylmethyl)-3-methoxy-3H-spiro[[2]benzofuran-1,1"-cyclo-
hexan]-4’-amine (14b). Under N,, ketone 13 (90 mg, 0.39 mmol)
was dissolved in THF (5 mL). Cyclohexylmethylamine (98%, 69 mg,
0.58 mmol) in THF abs. (1 mL), acetic acid (25 uL, 0.44 mmol),
and NaBH(OAc); (95%, 156 mg, 0.67 mmol) were added, and the
mixture was stirred at rt for 3 h. Subsequently, 1 M NaOH (10 mL)
was added and the mixture was extracted with CH,Cl, (3 X 20 mL)
and Et,0 (20 mL). The combined organic layers were dried
(K,CO;) and concentrated in vacuo, and the residue was purified by
fc (@ 3 cm, cyclohexane + 2% N,N-dimethylethanamine, 20 cm, 10
mL). R; (cyclohexane + 2% N,N-dimethylethanamine, 14a: R; = 0.20,
14b: R; = 0.10).

14a: Colorless oil, yield 36 mg (28%). C,,H;NO, (329.5). 'H
NMR (CDCL): 6 (ppm) = 094 (“qd”, ] = 12.0/2.8 Hz, 2H,
NCH,(cyclohexyl-H)), 1.12—1.33 (m, 4H, NCH,(cyclohexyl-H)),
1.41-1.53 (m, 1H, NCH,(cyclohexyl-H)), 1.55—1.85 (m, 8H,
NCH,(cyclohexyl-H) (4H), (CH,CH,),CHN) (4H)), 1.93—2.10
(m, 4H, (CH,CH,),CHN), 2.47 (d, J = 6.4 Hz, 2H,
NCH,(cyclohexyl-H), 2.80—-2.87 (m, 1H, 4-H,), 3.46 (s, 3H,
OCHjy), 6.06 (s, 1H, ArCHOCH;), 7.29-7.38 (m, 4H, Ar-H). A
signal for the NH-proton is not seen in the spectrum.

14b: Colorless oil, yield 86 mg (67%). C,,H;NO, (329.5). 'H
NMR (CDClL): 6 (ppm) = 0.85—0.99 (m, 2H, NCH,(cyclohexyl-
H)), 1.11-1.33 (m, 4H, NCH,(cyclohexyl-H)), 1.41—1.52 (m, 1H,
NCH,(cyclohexyl-H)), 1.60—1.85 (m, 9H, NCH,(cyclohexyl-H)
(4H), (CH,CH,),CHN) (SH)), 1.85-1.97 (m, 3H,
(CH,CH,),CHN), 2.49-2.61 (m, 1H, 4-H,), 2.52 (d, J = 7.4 Hz,
2H, NCH,(cyclohexyl-H), 3.48 (s, 3H, OCH,), 6.04 (s, 1H,
ArCHOCH,), 7.09-7.13 (m, 1H, Ar-H), 7.28—7.38 (m, 3H, Ar-
H). A signal for the NH-proton is not seen in the spectrum.

3,4-Dihydrospiro[[2]benzopyran-1,1’-cyclohexan]-4'-one
Ethylene Ketal (17). Under N,, a solution of 1-bromo-2-(2-
bromoethyl)benzene (16, 202 mg, 0.77 mmol) in THF (10 mL) was
cooled to —88 °C. Subsequently, n-BuLi (1.6 M in n-hexane, 0.58
mL, 0.93 mmol) was added slowly. After stirring for 5 min at —88
°C, cyclohexane-1,4-dione monoethylene ketal (0.168 g), 1.08 mmol
in THF (2 mL) was added rapidly, and the mixture was stirred at
—88 °C for § min and at rt for additional 1 h. Then, H,O (10 mL)
was added, and the mixture was extracted with Et,O (3 X 40 mL).
The combined organic layers were dried (K,CO,) and concentrated
in vacuo, and the residue was purified by fc (@ 4 ¢m, cyclohexane/
ethyl acetate = 9/1, 20 cm, 20 mL). R; (cyclohexane/ethyl acetate =
9/1, 0.18). Colorless solid, mp 122 °C, yield 121 mg (61%).
CieH00; (260.4). '"H NMR (CDCLy): & (ppm) = 1.60—1.65 (m,
2H, (CH,CH,),C=0), 1.94—2.07 (m, 6H, (CH,CH,),C=0), 2.83
(t, ] = 54 Hz, 2H, ArCH,CH,0), 391 (t, ] = 5.6 Hz, 2H,
ArCH,CH,0), 4.00 (s, 4H, OCH,CH,0), 7.06~7.10 (m, 1H, Ar-
H), 7.12=7.16 (m, 1H, Ar-H), 7.16—=7.20 (m, 2H, Ar-H).

3,4-Dihydrospiro[[2]benzopyran-1,1'-cyclohexan]-4'-one
(18). A solution of ketal 17 (121 mg, 0.47 mmol) in Et,0 (4 mL)
and 2 M HCI (4 mL) was heated to reflux for 48 h. Intermediately
evaporated Et;0 was supplemented. Subsequently, H,O (50 mL)
and Et,0O (50 mL) were added and the mixture was extracted with
Et,0 (3 X 50 mL). The combined organic layers were dried
(K,CO;) and concentrated in vacuo, and the residue was purified by
fc (8 2 cm, cyclohexane/ethyl acetate = 9/1, 20 e¢m, 10 mL). R;
(cyclohexane/ethyl acetate = 9/1, 0.10, cyclohexane/ethyl acetate =
4/1, 023). Colorless solid, mp 134 °C, yield 93.5 mg (94%).
C4H,40, (216.3). '"H NMR (CDCL,): 6 (ppm) = 2.18 (“td*, ] =
13.8/4.6 Hz, 2H, (CH,CH,),C=0), 2.26-2.34 (m, 4H,
(CH,CH,),C=0), 2.86 (“td”, J = 14.3/6.3 Hz, 2H,
(CH,CH,),C=0), 2.90 (t, ] = 5.5 Hz, 2H, ArCH,CH,0), 4.01
(t, ] = 5.6 Hz, 2H, ArCH,CH,0), 7.05—7.10 (m, 1H, Ar-H), 7.11—
722 (m, 3H, Ar-H).
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trans-N-(Cyclohexylmethyl)-3,4-dihydrospiro[[2]-
benzopyran-1,1’'-cyclohexan]-4’-amine (19a) and cis-N-(Cy-
clohexylmethyl)-3,4-dihydrospiro[[2]benzopyran-1,1'-cyclo-
hexan]-4’-amine (19b). Under N,, a solution of ketone 18 (85 mg,
0.39 mmol) in THF (5 mL) was treated with cyclohexylmethylamine
(98%, 68 mg, 0.59 mmol) dissolved in THF (2 mL), acetic acid (23
#L, 0.40 mmol), and NaBH(OAc); (95%, 158 mg, 0.71 mmol). The
mixture was stirred at rt for 3 h. Subsequently, 1 M NaOH (10 mL)
was added and the mixture was extracted with CH,Cl, (3 X 20 mL)
and Et,0 (20 mL). The combined organic layers were dried
(K,CO,) and concentrated in vacuo, and the residue was purified by
fc (& 3 cm, cyclohexane + 2% N,N-dimethylethanamine, 20 c¢m, 10
mL). R (cyclohexane + 2% N,N-dimethylethanamine, 19a: R = 0.33,
19b: R; = 0.09).

19a: Colorless oil, yield 30 mg (24%). C, H; NO (313.5). 'H
NMR (CDCL): § (ppm) = 0.90—1.00 (m, 2H, NCH,(cyclohexyl-
H)), 1.13—1.34 (m, 4H, NCH,(cyclohexyl-H)), 1.43—1.52 (m, 1H,
NCH,(cyclohexyl-H)), 1.53—1.62 (m, 2H, (CH,CH,),CHN), 1.62—
1.70 (m, 4H, NCH,(cyclohexyl-H) (2H), (CH,CH,),CHN (2H)),
1.79—1.86 (m, 2H, NCH,(cyclohexyl-H)), 1.90 (“tt”, ] = 13.8/3.4
Hz, 2H, 3'-H,, 5'-H,), 2.08 (“td”, ] = 13.7/3.7 Hz, 2H, 2-H,, 6"-H,),
2.44 (d, ] = 6.6 Hz, 2H, NCH,(cyclohexyl-H)), 2.82 (t, ] = 5.6 Hz,
2H, OCH,CH,Ar), 2.85-2.90 (m, 1H, 4'-H,), 3.90 (t, ] = 5.6 Hz,
2H, OCH,CH,Ar), 7.06—7.08 (m, 1H, ArH), 7.10~7.14 (m, 1H,
Ar-H), 7.18—7.19 (m, 2H, Ar-H). A signal for the NH-proton is not
seen in the spectrum.

19b: Colorless oil, yield 89 mg (72%). C,;Hy;NO (313.5). 'H
NMR (CDCl): é (ppm) = 0.84—0.98 (m, 2H, NCH,(cyclohexyl-
H)), 1.10-1.31 (m, 4H, NCH,(cyclohexyl-H)), 1.41-1.51 (m, 1H,
NCH,(cyclohexyl-H)), 1.52—1.62 (m, 2H, NCH,(cyclohexyl-H)),
1.63—1.84 (m, 8H, NCH,(cyclohexyl-H) (2H), (CH,CH,),CHN-
(6H)), 1.94—2.03 (m, 2H, 2'-H,, 6"-H,), 2.50 (d, J = 6.7 Hz, 2H
NCH,(cyclohexyl-H)), 2.50—2.59 (m, 1H, 4'-H,), 2.82 (t, ] = 5.5
Hz, 2H, OCH,CH,Ar), 3.88 (t, | = 5.6 Hz, 2H, OCH,CH,Ar),
7.07-7.19 (m, 4H, Ar-H). A signal for the NH-proton is not seen in
the spectrum.

trans-N-Benzyl-3-methoxy-3H-spiro[[2]benzofuran-1,1"-cy-
clohexan]-4’-amine (23a) and cis-N-Benzyl-3-methoxy-3H-
spiro[[2]benzofuran-1,1'-cyclohexan]-4'-amine (23b). Under
N,, a solution of ketone 13 (70.5 mg, 0.30 mmol), benzylamine
(37 ul, 0.32 mmol), acetic acid (17 I, 0.30 mmol), and
NaBH(OAc); (95%, 98 mg, 0.44 mmol) in THF (5 mL) was
stirred at rt for 4 h. Subsequently, 1 M NaOH (10 mL) was added
and the mixture was extracted with Et,0 (10 mL) and CH,Cl, (2 x
10 mL). The combined organic layers were dried (K,CO;) and
concentrated in vacuo, and the residue was purified by fc (2 3.5 cm,
cyclohexane + 2% N,N-dimethylethanamine, 20 cm, 10 mL). R;
(cyclohexane + 2% N,N-dimethylethanamine, 23a: R; = 0.16, 23b: R;
= 0.09).

23a: Pale yellow oil, yield 35.3 mg (36%). C,sH,NO, (323.5). 'H
NMR (CDCL): & (ppm) = 1.55—1.62 (m, 1H, (CH,CH,),CHN),
1.67—-1.81 (m, 3H, (CH,CH,),CHN), 1.98-2.17 (m, 4H,
(CH,CH,),CHN), 2.97 (“quint”, ] = 3.9 Hz, 1H, 4-H,), 346 (s,
3H, OCH,), 3.83 (s, 2H, NCH,Ar), 6.07 (s, 1H, ArCHOCH,),
7.25—7.29 (m, 1H, Ar-H), 7.29-7.40 (m, 8H, Ar-H). A signal for the
NH-proton is not seen in the spectrum.

23b: Pale yellow oil, yield 51.9 mg (53%). C,sH,:NO, (323.5). 'H
NMR (CDCL): & (ppm) = 1.65—1.85 (m, SH, (CH,CH,),CHN),
1.87-1.93 (m, 1H, (CH,CH,),CHN), 1.93-2.01 (m, 2H,
(CH,CH,),CHN), 2.65 (“tt”, ] = 10.4/3.9 Hz, 1H, 4-H,), 3.49 (s,
3H, OCH,), 3.90 (s, 2H, Ar-CH,-NH), 6.05 (s, 1H, ArCHOCH,),
7.08=7.12 (m, 1H, Ar-H), 7.24—7.29 (m, 1H, Ar-H), 7.30—7.38 (m,
7H, Ar-H). A signal for the NH-proton is not seen in the spectrum.

B COMPUTATIONAL PROCEDURES

All simulations were carried out using the Pmemd modules of
Amber 16,°" running on our own CPU/GPU calculation
cluster. Molecular graphics images were produced using the
UCSF Chimera package (v.1.10).°> Chimera is developed by

the Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco (supported by
NIGMS P41-GM103311). All other graphs were obtained
using GraphPad Prism (v. 6.0).

The optimized membrane-bound 3D structure of the o
receptor was obtained starting from the available protein data
bank (PDB) file (SHK1)" and following a procedure
described in detail in literature.””

All ligands were subjected to an initial energy minimization,
with the convergence criterion set to 107* kcal/(mol A). A
conformational search was carried out using a well-validated,
ad hoc developed combined molecular mechanics (MM)/
MDs simulated annealing protocol’”*' ™ using Amber 16.
Accordingly, the relaxed structures were subjected to five
repeated temperature cycles (from 310 to 1000 K and back)
using constant-volume/constant-temperature (NVT) MD
conditions. At the end of each annealing cycle, the structures
were again energy-minimized to converge below 107* kcal/
(mol A), and only the structures corresponding to the
minimum energy were used for further modeling.

The optimized structures of all compounds were then
docked into the o) binding pocket using Autodock 4.2.6/
Autodock Tools 1.46° on a win64 platform. The resulting
docked conformations were clustered and visualized; then, the
structure of each resulting complex characterized by the
lowest Autodock interaction energy in the prevailing cluster
was selected for further modeling.

Each compound/receptor complex obtained from the
docking procedure was further refined in Amber 16 using
the quenched MDs (QMD) method as previously described
(see, for example,m'(’jff'? and reference therein). Next, the
best energy configuration of each complex resulting from
QMD was subsequently solvated by a cubic box of TIP3P
water molecules®’ extending at least 10 A in each direction
from the solute. The system was neutralized and the solution
ionic strength was adjusted to the physiological value of 0.15
M by adding the proper amounts of Na” and CI” ions. Each
solvated system was relaxed (500 steps of steepest descent
followed by S00 other conjugate-gradient minimization steps)
and then gradually heated to the target temperature of 25 °C
in intervals of 50 ps of constant volume-constant temperature
(NVT) MD simulations (Verlet integration method, time step
1.0 fs). The Langevin thermostat was used to control
temperature. During this phase of MD, the protein was
restrained with a force constant of 2.0 kcal/(mol A), and all
simulations were carried out with periodic boundary
conditions. Subsequently, the density of the system was
equilibrated via MD runs in the isothermal—isobaric (NPT)
ensemble, with a time step of 1 fs. All restraints on the protein
atoms were then removed, and each system was further
equilibrated using NPT MD runs at 25 °C. Three
equilibration steps were performed (4 ns each, time step 2.0
fs). System stability was monitored by the fluctuations of the
root-mean-square-deviation of the simulated position of the
backbone atoms of the o, receptor with respect to those of the
initial protein model. The equilibration phase was followed by
a data production run consisting of 50 ns of MD simulations
in the NVT ensemble. Data collection was performed on over
the last 20 ns of each equilibrated MD trajectory were
considered for statistical data collections. One thousand
trajectory snapshots were analyzed for each compound/
receptor complex.
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The free energy of binding AG,, and its major
components (AH .y, and TAS,,) between the selected
compounds and the &, receptor was estimated by resorting to
the well-validated MM/Poisson—Boltzmann surface area
(MM/PBSA) approach65 implemented in Amber 16. The
per residue binding free-energy decomposition (interaction
spectra) was carried out using the MMs/generalized
Boltzmann surface area approach®®” and was based on the
same snapshots used in the binding free-energy calculation.

B FLUORESCENCE MEASUREMENTS WITH FURA-2

Concentrations c¢(Ca*,) were measured in single PC12 cells
using the fluorescent indicator fura-2-AM in combination with
a monochromator-based imaging system (FEI today Thermo
Fisher Scientific, SCR_008452) attached to a fluid immersion
objective. Cells were loaded with 0.5 yM fura-2-AM and
0.01% Pluronic F-127 for 30 min at 37 °C in a standard
solution composed of 138 mM NaCl, 6 mM KCl, 1 mM
MgCl,, 2 mM CaCl,, 5.5 mM glucose, and 10 mM HEPES
(adjusted to pH 7.4 with NaOH at 37 °C). Cover slips were
then washed in fresh buffer for 30 min and mounted in a
perfusion chamber on the stage of the microscope (Olympus
EXS1WI, Hamburg, Germany). For measurements of o(Ca"),
cells were excited at 340 and 380 nm and emission was
measured at 510 nm. After correction for background
fluorescence, the fluorescence ratio Fyo/Fsg of the emission
was calculated. Fura-2-signals were calibrated according to the
method of Grynkiewicz et 4l using a KD value of 224 nM.
Ten to twenty cells were measured on slide and at least two
replicates/independent experiments were conducted. At least
five independent experiments were conducted.
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di(o-tolyl)guanidine; ER, endoplasmic reticulum; fc, flash
column chromatography; KOR, x-opioid receptor; MD,
molecular dynamics; MM/PBSA, molecular mechanics/
Poisson—Boltzmann surface area; MOR, pu-opioid receptor;
NADPH, nicotinamide adenine dinucleotide; NMDA, N-
methyl-n-aspartate; PCP, phencyclidine ((1-
phenylcyclohexyl)piperidine); PDB, protein data bank;
PGRMC-1, Progesterone receptor membrane component 1;
QMD, quenched molecular dynamics; p-TsOH, p-toluenesul-
fonic acid; SAR, structure—activity relationships; SEM,
standard error of the mean; TMEM97, transmembrane
protein 97
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