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Abstract—A novel class of 4-substituted-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro[4.5]decan-1-ones have been discovered and devel-
oped as potent and selective GlyT1 inhibitors. The molecules are devoid of activity at the GlyT2 isoform and display excellent selec-
tivities against the p opioid receptor as well as the nociceptin/orphanin FQ peptide (NOP) receptor. These molecules also exhibit
superior pharmacological and pharmacokinetic parameters, relative to all GlyT1 inhibitors of the spiropiperidine family, culminat-
ing in the identification of 16b with an oral bioavailability of ~60%. In addition, a straightforward two-step procedure for the

assembly of the target molecules is also presented.
© 2006 Elsevier Ltd. All rights reserved.

Compelling evidence suggests that an impairment in
NMDA neurotransmission is involved in the pathophys-
iology of schizophrenia.! This hypothesis originated
from the observation that PCP, a recreational drug
which has been demonstrated to be a potent and selec-
tive NMDA-R blocker, is able to reproduce, in healthy
subjects, the positive, negative and cognitive symptoms
of schizophrenia.? Thus, therapeutic intervention aimed
at increasing NMDA synaptic tone is expected to show
beneficial effect in schizophrenic patients. As glycine is
known to act as a positive allosteric modulator of the
NMDA receptor,> one strategy to enhance NMDA
receptor activity is to elevate extracellular levels of gly-
cine in the local microenvironment of the synaptic
NMDA receptor. Glycine elevation can be achieved by
inhibition of the glycine transporter 1 (GlyT1) which is
co-expressed in the brain together with the NMDA
receptor and is responsible for the maintenance of low
extracellular glycine concentrations.*> Strong support
for this novel therapeutic approach comes from clinical
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studies where glycine® and sarcosine’ (a prototypical
weak GIlyT1 inhibitor) displayed benefits to schizo-
phrenic patients as an add-on to conventional therapy.
As a result, considerable efforts have been focused on
the development of selective GlyT1 inhibitors.?

We have recently introduced a novel series of N-(2-aryl-
cyclohexyl) substituted spiropiperidines 1a,° 1b,'0 21!
and 3'2 as a novel class of GlyT1 inhibitors which
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display excellent selectivity against the GlyT2 isoform.
These series evolved through the stepwise incorporation
of specific chemical mutations within the structures that
allowed us to successfully address all relevant off-target
liabilities with the accomplishment of excellent selectivi-
ties against the p opioid receptor as well as the nocicep-
tin/orphanin FQ peptide (NOP) receptor achieved for
1b, 2 and 3. The main deficiency within these triaza-
and diazaspiropiperidine series was the relatively low
microsomal stability which translated into non-optimal
in vivo pharmacokinetic properties.

Herein we wish to report on our recent efforts'? to dis-
cover and develop a further structurally novel, potent
and selective chemotype of GlyT1 inhibitors 4 which
have inherently improved pharmacological and pharma-
cokinetic properties when compared to 1-3.

The rationale for the design of this novel chemotype 4 of
GlyT1 inhibitors with a goal to improve upon the phar-
macokinetic properties when compared to 1-3 was de-
rived from some proprietary in-house knowledge that
the poor metabolic stability of this class of compounds
was due to oxidative processes taking place resulting
in cleavage of the N-C1’ bond. Therefore, we postulated
that relocating the substituents from C2’ to the C1’ po-
sition, as shown in 4, would offer some protection to the
molecule from rapid oxidative clearance. More impor-
tantly, to explore this hypothesis, we also significantly
simplified the stereocomplexity of the diazaspiropiperi-
dine series moving from three stereocentres in 2 to only
one stereocentre in 4 where we had already been able to
ascertain the absolute configuration of our key diazaspi-
ropiperidine building block 5.!#

The synthetic strategy to access the target molecules 4
relied on a straightforward two-step procedure involving
a Bruylants amination reaction'® as shown in Scheme 1.
In our hands, in order to achieve, on a preparatively use-
ful scale, useful yields we found it best to allow the first
step of the sequence (Strecker-type reaction with
TMSCN and AcOH) to proceed slowly (up to 5 days
at rt) followed by isolation of the intermediate amino

H O OL%

R1
(r?cs)
R'=H, F (Ror S),
Me, CF. Ref. 14 R*—8r

8 i-PrMgClI
b)
—_—
R*MgBr O/

7-27 (see Table 1) R'

Scheme 1. Synthesis of compounds 7-27. Reagents and conditions: (a)
TMSCN, AcOH, rt, 3-5 days, 50-62%; (b) THF, rt, on, 73-94% or (c)
THF, 0 °C to rt, 2 h, on, 10-75%.

nitriles 6. Encouraging the reaction to proceed to com-
pletion within a few hours, by heating, normally resulted
in isolated yields of the desired product 6 of <40%.
Thereafter, reaction of 6 with either a range of commer-
cially available Grignard reagents at room temperature
(step b) or through reaction with Grignard reagents
formed in situ using i-PrMgCl (step ¢) normally afforded
high yields of the final products 7-27.

As in part of our previously described work we specifi-
cally used rac-5 in the synthesis strategy and preferred
to separate the enantiomers routinely by chiral-phase
HPLC (Chiralpak AD®). Table 1 shows the activity at
GlyT]1 for the racemate derivatives and also details the
activity for individual enantiomers in the cases where
we decided to separate them with the fastest eluting
component designated a and the slowest eluting desig-
nated b.

For exploration of our preliminary SAR gTable 1), we
initially focused on derivatives where R"=H and F
since these substituents were found to be optimal in all
of the previous series 1-3. In general the SAR parallels
what we earlier established for 1-3 with even the race-
mates, of nearly all derivatives, prepared showing nano-
molar affinity as GlyT1 inhibitors. Without exception,
strongly electron-withdrawing substituents such as CF;

Table 1. In vitro inhibitory activity at the GlyTl transporter for
compounds 7-27

o N
RZ
o
R1
Compound R!' R? GlyT1 ECso® (uM)
rac a b

7 H Ph 0.077  0.107

8 H 4-CF5-Ph 1212 6.969

9 H 4-CN-Ph >30) 16.00
10 H 4-CF;0-Ph 4.563
1 H 4-Cl-Ph 0.45 0.81
12 H 4-Me-Ph 0.284  0.480
13 H 3-F-Ph 0.423  0.684
14 H 3-MeO-Ph 561 26.231
15 H 3-Thienyl 0.682
16 F 4-F-Ph 0.095 0.056  0.097
17 F 4-Me-Ph 1474 0419
18 F 3-F-Ph 0.393
19 F 3-CN-Ph >30
20 F 3-CF;0-Ph 16.728  21.519
21 F 3-Me-Ph 0.563 4000  0.949
22 F 2-Me-Ph 0.350
23 F 2-Thienyl 0.381  0.281
24 F 3-Thienyl 0213  0.099
25 Me Ph 0.139
26 Me 4-F-Ph 0.073
27 CF; 4-F-Ph 0.433

2 Radiometric assay using [*H]-glycine.”
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and CN were not well tolerated as demonstrated by 8, 9
and 19. As we had observed in an earlier series, m- and
p-CF;0, as exemplified in 10 and 20, was not a favoured
substituent and neither was a m-OMe substituent, for
example, 14. Methyl substituents were well tolerated at
all of the p-, m- and o-positions providing low nanomo-
lar GlyT1 inhibitors for the racemates in 12, 17, 21 and
22.

We also examined some small heterocyclic groups and
pleasingly, the 2- and 3-thiophene substituents 15, 23
and 24 provided very potent compounds. In the previ-
ous series, simple Ph, 4-Cl-phenyl 3-F-phenyl and 4-F-
phenyl were optimal substituents based on their affinity
as GlyTlI inhibitors, and this was found to be the case
also as shown for 7, 11, 13, 16, 18, 26 and 27. In fact,
some of these compounds showed good potency as their
individual enantiomers as tabulated for 7a,b, 11a.,b,
13a,b and 16a,b. We also briefly explored changes at
R! by the introduction of Me (25 and 26) and CF;
(27) groups which were also found to provide potent
derivatives.

In order to further expand the SAR opportunities within
this class, we examined the influence of more diverse
changes to R! and R? detailed in Table 2. It was found,
in analogy to our previous work,!? that it was possible
to replace the R' aryl group with an alkyl group. In this
case the prototypical n-Pr group in combination with
the 4-F-phenyl group provided the most potent deriva-
tive 29 even as a mixture of enantiomers. Separation
of 28 into its enantiomers provided two compounds with
an ECsq of 82 and 62 nM at GlyT1. In the previous ser-
ies, the R? aryl group was essential for good inhibition
at GlyT1. For this new series cyclic aliphatic units such

Table 2. In vitro inhibitory activity at the GlyT1 transporter for
compounds 28-42

Compound R! R? GIyT1 ECsy*
(UM) rac

28 n-Pr Ph 0.161
29 n-Pr 4-F-Ph 0.093
30 n-Pr 2-Thienyl 0.229
31 n-Pr 2-Thienyl-5-Me 0.113
32 Ph 2-Thienyl 0.147
33 Ph c-Hexyl 15.237
34 Ph c-Pentyl 6.287
35 Ph c-Pr >30

36 Ph i-Pr 0.970
37 Ph Me,C=CH 0.979
38 4-F-Ph 2-Thienyl 0.067
39 4-F-Ph 3-Thienyl 0.099
40 4-F-Ph c-Pr >30

41 4-F-Ph i-Pr 0.787
42 4-F-Ph Et 1.466

2 Radiometric assay using [*H]-glycine.”

as those shown in 33-35 and 40 were also shown to be
inactive. However, replacement with an i-Pr group (36
and 41) provided the first examples of potent derivatives
of this type within the diazaspiropiperidine class.

An additional structural modification examined was the
replacement of the cyclohexyl unit of 4 as demonstrated
in the preparation of the derivatives 43-45. Interesting-
ly, the cycloheptane unit was well tolerated with 43
showing a potency of 245nM as an inhibitor at the
GlyT1 transporter and was free of activity (>30 uM)
at the GlyT2 isoform. However, in stark contrast the
cyclobutane ring was not tolerated since 44 showed an
ECsp > 30 uM. Unfortunately, it was not possible to
prepare the corresponding cyclopentane 45 derivative
following the same protocol as described in Scheme 1.

Following the strategy outlined below in Scheme 2 it
was possible to prepare the pyrano-derivatives 46 as
an enantiomeric mixture (GlyTl ECsy,=1.419 uM)
and 47 as a mixture of four diastereoisomers which we
managed to separate (GlyT1 ECsy (uM) =a 3.661, b
7.290, ¢ >30 and d 0.525).

With the difficulties we had previously encountered with
1a it was essential to fully establish excellent levels of
selectivity against the GlyT2 isoform as well as the p
opioid receptor and the nociceptin/orphanin FQ peptide
(NOP) receptor. Table 3 nicely illustrates the levels of
selectivity achieved against each of these receptors for
the main molecules of interest. These results are partic-
ularly exceptional bearing in mind the remarkably high
affinity (15 nM) towards the p opioid receptor and the
NOP receptor for the corresponding triazaspiropiperi-
dine derivative 52 prepared in analogy to Scheme 1
using the commercially available 1-phenyl-1,3,8-triaza-
spiro[4.5]decan-4-one 53.

Next, we examined the effect on the metabolic stability
in microsomes within this class since this was a key
parameter which remained to be optimized. For exam-
ple, the triazaspiropiperidine derivative 52 was a high
clearance compound resulting in very low predicted
maximum achievable bioavailability (MAB) of 6% and
16% in mouse and human, respectively. As can be seen
Table 4 confirms our hypothesis since the structural

o N O N
F =
N @ Scheme 1 HN @
52

53
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tions: (a) TMSCN, AcOH, rt, 1 day, 25-30%; (b) PhMgBr, THF,

reflux, 1 h, 30-32%.

Table 3. In vitro inhibitory activity at the GlyTl and the GlyT2
transporters and potency in inhibiting the NOP and p receptors for
compounds 7, 11-13, 16-18, 21, 22, 28, 29 and 52

Compound  GlyT1 GlyT2 NOP p ICsy°
ECs)" (WM)  ECse* (uM)  ICs° (uM)  (uM)

Ta 0.077 >30 >10 5.5
7b 0.107 >30 6.15 7.64
11a 0.45 >30 >10 19.8
11b 0.81 >30 >10 3.60
12a 0.284 >30 >10 9.12
12b 0.48 >30 >10 11.9
13a 0.423 >30 >10 8.04
13b 0.684 >30 >10 13.50
16 0.095 >30 >10 7.80
16a 0.056 >30 >10 >10

16b 0.097 >30 >10 7.40
18 0.393 >30 >10 7.18
21 0.563 >30 >10 7.83
21b 0.949 >30 >10 24.83
22 0.350 >30 >10 3.851
28 0.161 — — 2.76
28a 0.082 — — 2.73
28b 0.062 — — 1.87
29 0.093 — — 3.03
52 0.072 >30 0.015 0.015

2 Radiometric assay using [*H]-glycine.”

° Displacement of [PH]-NOP in membranes prepared from perma-
nently transfected HEK293 cells expressing hNOP receptors.'®

¢ Displacement of [*H]-naloxone in membranes prepared from BHK
cells transiently expressing hy receptors.'®

changes made in the development of 4 led to compounds
with superior microsomal stability relative to all previ-
ous series. In close examination we can conclude that
the  4-propyl-8-(1-phenyl-cyclohexyl)-2,8-diaza-spiro-
[4.5]decan-1-one derivatives 28 and 29 displayed similar
MAB values (60% and 47%, respectively, in human
microsomes and 45% and 48%, respectively, in mouse
microsomes), compared to their triazaspiropiperidine
congeners.'® However, the best improvements were ob-
served in the 4-aryl-8-(1-phenyl-cyclohexyl)-2,8-diaza-
spiro[4.5]decan-1-one derivatives with the microsomal
data for nearly all derivatives examined predicting
MAB values generally superior to all our previous series.
In particular, we were encouraged by the derivatives 7

Table 4. Microsome stability data for compounds 7, 11, 16, 28, 29, 38,
39 and 52

Compound CL;,* (mouse CL;,® (human MAB (%)
microsomes) ~ microsomes) m
7 5 9 86 63
7a 0 8 100 67
7b 2 16 93 50
11a 10 114 76 12
16a 38 8 46 67
16b 1 3 98 84
28 39 10 45 60
28a 30 13 51 54
28b 34 18 48 47
29 24 14 57 53
38 80 9 28 64
39 39 4 45 78
52 470 82 6 16

# CLjn, intrinsic clearance (uL/min/mg protein).

Table 5. Selected pharmacokinetic parameters for compound 16b
F(%) CL* Tys(h) Vs(Lkg)  BIP
16b° 60 35 2.8 7.6 3.0

Compound

#CL, total clearance (mL/min/kg protein).
®Determined in mouse, B/P, brain to plasma ratio; Vg, volume of
distribution.

and 16 where we had demonstrated levels of microsomal
stability for both species (human and mouse) in the de-
sired range.

We then examined our most favoured derivative 16b!” in
a single dose in vivo pharmacokinetic study as a repre-
sentative of the 4-aryl-8-(1-phenyl-cyclohexyl)-2,8-dia-
za-spiro[4.5]decan-1-one series (Table 5). As expected
the excellent parameters obtained in vitro resulted in
the highest achieved oral bioavailability (F) of 60% for
all the spiropiperidine classes we have examined which
was also concomitant with excellent levels of brain
penetration.

Since the derivatives of type 4 have structural similarity
with PCP we have also demonstrated that they do not
have ‘PCP-like’ behaviour by examining 7, 7a, 7b and
16b in a displacement experiment with *H-MK801 in
NMRI mouse forebrain membranes where an
1C5 > 30 uM was obtained for each.

Moreover, derivatives from the 4-aryl-8-(1-phenyl-cy-
clohexyl)-2,8-diaza-spiro[4.5]decan-1-one class 4 have
shown no significant inhibition of the hERG K channel
as outlined in Table 6. Notably, we were able to dimin-
ish affinity towards the hERG K channel by incorpora-
tion of a B-oxygen atom as revealed in the structures 46
and 47 which closely follows the relationship'?® we gen-
erated in the design of the GlyT-1 inhibitors 3 also free
of hERG K channel activity.

In conclusion, our work in the spiropiperidine class has
culminated in the discovery of a novel, potent and selec-
tive chemotype of GlyTl inhibitors 4. We stepwise
designed the 4-substituted-8-(1-phenyl-cyclohexyl)-2,8-
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Table 6. In vitro inhibitory activity at the hERG K channel for
compounds 12¢, 27 and 28

Compound HERG ICs¢* (uM) pK.°
16b 1.300 8.75
46 >11.000 7.1
47 >14.000 7.71

# Inhibition of hERG K channel determined by whole-cell patch-clamp
experiments on a transfected CHO cell line.

® Determined by potentiometric titration in a MeOH:water mixture at
rt with the GLpKa instrument from Sirius Analytical Instruments.

diaza-spiro[4.5]decan-1-one class to display excellent
selectivities against the p opioid receptor as well as the
nociceptin/orphanin FQ peptide (NOP) receptor. In
addition, this work has described in detail our strategy
to improve upon the pharmacological properties and
pharmacokinetic properties of the diazaspiropiperidine
series by specific chemical mutations throughout the
development of the class. Compound 16b has demon-
strated for the first time that GlyT1 inhibitors of the spi-
ropiperidine family can achieve high oral bioavailability.
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